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Ladies and Gentlemen: It is with the greatest pleasure that I am 
speaking this evening, as a member of the Stazione Zoologica of Naples, 
here in the auditorium of the Woods Hole Laboratory. I am glad 
to bring to every one of you the best greetings of us all, and to assure 
you that, when three years hence you come to Italy to the next Physio- 
logical Congress, and next year when some of you go to Padua for 
the Zodlogical Congress, we hope you will gather in the Stazione 
Zoologica in as great a number as you have gathered here. I do not 
know if we shall be able to arrange things as well as you did here, 
but I can promise that our welcome will be as hearty as yours and 
that we shall do our best to this purpose. 

Ladies and gentlemen, it is impossible to look at the beautiful play 
of the chromatophores of the cephalopods—the object of our lecture 
this evening—without being filled with wonder at the complication 
and the perfection of the play itself. Old Aristotle was the first to 
study these animals with the eyes of the scientist, and he was also 
the first to connect some of the different appearances shown by the 
animals with various conditions of their minds: that is, fear and anger, 
and so on. He was also the first to suggest that these animals were 
able to change their colour according to the colour of the environment, 
giving, in this way, one of the first instances of this fundamental law 
of living beings, namely, mimicry. It may be of interest to remember 
that this opinion of his has been confirmed in a most brilliant way 
quite recently by the careful experiments of some German scientists 
(Kuehn and Heberdey, 1929). 

As in many other instances, Aristotle was more than twenty cen- 
turies ahead of his time. It was not until the beginning of the nine- 


1 Lecture delivered at the Marine Biological Laboratory, Woods Hole, Massa- 
chusetts, September 13, 1929. 
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teenth century that people began to study again the characters and 
the mechanism of the colour-changes in cephalopods. Opinions on 
the nature of colour-changes differed very widely at that time, and 
some of them may be quoted as instances of the ways in which, if 
not controlled by observation and experiment, scientific thought can 
be misled. It was believed at first that the colour was produced by 
some coloured liquid; but very soon it was discovered that the col- 
oured spots were stable and that they did not change their place, but 
only their form. They were constant formations, differentiated from 
some part of the skin. The name of Sangiovanni should be remem- 
bered at this point, because he was the first to recognize (1819) that 
these colour-changes were the effect of some special little organs. To 
these he gave the name chromophore, which has ever since clung to 
them, although in a slightly modified form, chromatophores, that is to 
say, colour-bearers. 

After this first fundamental discovery, which laid the foundation 
of all subsequent morphological investigations, research-work devel- 
oped along different lines. It would take us too long to follow closely 
their development through the nineteenth century to the present 
time. Out of this work two points have become clear, which it would 
be well to emphasize now in order to get a better understanding of 
what we are going to say later on. The first is that the expanded 
condition of the chromatophores is the active one, just the opposite 
of what we are accustomed to find in the vertebrates, for example, 
in the frog. This fact may give rise to several misunderstandings 
and misinterpretations, because of the opposite meaning that the 
same word is bound to have when applied to the chromatophores or 
to the muscular fibers. In order to avoid these misunderstandings, 
we shall, once for all, decide, after Steinach, to speak of expansion 
and retraction of the chromatophores, to which correspond respec- 
tively the contraction and relaxation of the muscular fibers. The 
second point of importance was the definite recognition (by Steinach, 
1901) of the muscular nature of the radial fibers of the chromatophores, 
a fact which was established after manifold and lengthy debates, in 
spite of the strenuous opposition of some investigators. These two 
facts are undoubtedly connected, and they both bring us to consider 
more closely the morphology of the chromatophores. 

In the frog, as well as in other vertebrates and in the crustaceans, 
chromatophores are single cells, whose contractile properties resemble 
more nearly amceboid contractility than that of even slowly contract- 
ing muscular tissue. In the contracted (or ‘‘active’’) condition, the 
chromatophore looks like a point or like a little sphere and resembles 
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an encysted amceba. From this extreme contracted or active con- 
dition all stages up to extreme expansion can be observed. Little 
by little the chromatophore cell gives out prolongations—we may as 
well call them pseudopodia—which expand more and more. At the 
end they are so widely expanded as to penetrate between the neigh- 
bouring chromatophores and to form in this way an almost continuous 
layer of coloured cells. 

The chromatophores of the frog, and of vertebrates in general, 
are therefore to be considered as a very peculiar sort of formation; 
together with the leucocytes, the only representatives, in the realm 
of more highly organized beings, of cells endowed with this funda- 
mental property of protoplasm, 7.e., contractility, in its most elemen- 
tary form. 

The case of the chromatophores of the cephalopods is completely 
different. It cannot be our task to discuss the question of their 
descent from one or more cells. What matters for us is that in their 
definitive condition they are formed by a sort of little sack and by 
a series of radially distributed fibers. The sack is filled with pigment 
granules and its walls possess elastic properties, which are the primary 
cause for the rounded, or at least elliptical, shape of the chromato- 
phores in the resting condition. The fibers, on the other hand, have 
their movable end on the walls of the sack, their fixed one somewhere 
in the skin. The movable ends on the wall are at regular intervals, 
arranged in such a way that the whole looks like a radial figure. The 
fibers, as mentioned above, are muscular in nature, and therefore, 
every time they are reached by a stimulation and contract, the walls 
of the sack become expanded and remain expanded as long as the 
contraction of the fibers lasts. As soon as the fibers relax, the wall 
of the sack, because of its elastic properties, goes back to its resting, 
1.€., retracted condition. 

In some instances it can be noticed that under certain natural or 
experimental conditions the chromatophores may retract still more. 
To this day it cannot be decided whether this depends upon the inhi- 
bition, in these cases, of a sort of residual tonus of the fibers, which 
generally hinders the full action of the elasticity of the wall, or upon 
the existence of some sort of device for the purpose of active retraction. 
This last has been postulated by some authors, but, although it can- 
not be definitely denied, no satisfactory evidence of anything likely 
to produce such an effect has been reported so far. 

It should be clear from this description that the expansion of the 
chromatophores is produced by the combined pull of many (some- 
times 20-25) fibers at the same time. Every one of these individual 
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fibers pulls in its own direction, but, as they are radially distributed, 
it follows that the chromatophore expands as a whole and almost 
maintains its form, which may now be described as a more or less 
regular polygon, whose rather rounded edges correspond to the points 
where each fiber is attached. 

As mentioned above, under ‘“‘normal”’ conditions all fibers of a 
given chromatophore pull at the same time, and as they have no direct 
connection whatever between themselves (excepting through the wall 
of the chromatophore itself), this fact, which is one of very perfect 
coérdination, points to some kind of external control. As a matter 
of fact, under normal conditions the chromatophores are strictly and 
continuously controlled by the central nervous system. As soon as 
the connection with this is severed, the chromatophores are completely 
paralyzed and, for some time at least, they remain in a condition of 
complete rest unless artificially stimulated by way of the peripheral 
nerves. The demonstration of this fact, for which we are indebted 
to Leon Fredericq (1878), is a very easy one. If, in any species of 
cephalopods, the so-called mantle-connective is cut, the chromato- 
phores of the corresponding half of the body, as well as the mantle- 
muscle itself, are instantly and forever paralyzed. However excited 
the animal may be, however beautiful and intense the play of its 
chromatophores on all other parts of the skin, those on the half whose 
nerve has been cut will never again reproduce the same phenomena. 
The play of the chromatophores, the normal one at least, is produced 
by impulses coming from the central nervous system: the mantle- 
ganglion, which, in the experiment just described, is still connected 
with the chromatophores, is completely unable to produce any spon- 
taneous or reflex expansion. It seems that the ganglion has nothing 
to do with the chromatophores of the mantle, and that the nerves to 
these last go directly, without any stop, from the central ganglia to 
the peripheral plexi. 

Now we begin to know something about the forces controlling the 
chromatophores. The next problem to consider is that of the afferent 
paths of the reflex arc whose efferent paths are represented by the 
nerves going to the chromatophores: that means that it is necessary 
to decide to which stimuli the centers for the chromatophores respond. 

We have related above the answer which Aristotle gave to this 
question. He admitted, rather briefly we must say, that anger and 
fear and similar feelings were the primary cause for the colour-changes 
of the sea-devils and of the squids. We will not deny this opinion; 
much more, we shall support it in a rather unexpected way. A 
physiologist, however, cannot remain satisfied with these rather vague 
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expressions and is bound to analyze these phenomena somewhat more 
deeply. The analysis has been carried on by different authors and 
the importance of several sorts of stimuli has been recognized. 

First of all, it is through the eyes that the animal receives the 
impressions that produce the changes in its colour. Anybody may 
notice that the colour of the animal changes whenever it sees any 
object which attracts its attention. That is the phenomenon noticed 
by Aristotle. It is possible, however, to have some more exact idea 
of the importance of the visual impressions for the colour-changes by 
determining how far the animal still maintains its capacity for chang- 
ing its colour when the function of one, or both eyes is excluded. The 
play of the chromatophores is not abolished in either case, but the 
capacity which the normal animal has for changing its colour with 
the colour of the environment is lost. For this sort of adaptation at 
least, visual impressions are of the first importance; but, in contrast 
to what happens in some fishes, they are not the only ones controlling 
the expansion of the chromatophores. It is interesting to remember 
that when only one eye is put out of function, the activities of the 
chromatophores of the corresponding half are somewhat diminished. 
They answer to all stimuli as well as those of the other half, but some- 
what more slowly, and their expansion is often less complete. This 
phenomenon shows that although the stimuli reaching each eye act 
on all coloration centers of the central nervous system, they affect 
primarily those of the corresponding half, and their action on those 
of the opposite half is somewhat more indirect. 

The animal deprived of its visual impressions still maintains its 
capacity for changing its colour, although this function is somewhat 
impaired. It was the merit of Steinach (1901) to demonstrate that 
another set of impressions controlling the play of the chromatophores 
is that issuing from the suckers. There is no doubt that the impor- 
tance of these excitations for the play of the chromatophores was 
somewhat exaggerated at first, but it is impossible to deny that, if 
all suckers are extirpated, the “‘tonus”’ of the chromatophores is much 
diminished, and their movements much less frequent and vigorous. 
The animal, deprived of its suckers, or of both suckers and eyes, has 
not yet lost its colour-controlling capacity, although this is much 
impaired. It still answers with a change of colour, just as does the 
normal animal, to many kinds of stimuli: for instance, to vigorous 
stirring of the water (which probably amounts to both an excitation 
of the sense terminations in the skin and of the statocysts), to pricking 
or pinching the skin, placing on its back, and so on. 

The phenomena we have just described show that there are not 
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specific stimuli affecting the centers of the chromatophores. The 
latter may answer a variety of excitations, none of which can be de- 
scribed as alone responsible for the changes of colour, although any 
one of them can, at any given moment, induce them. The center, or 
better, as we shall see later, the centers for coloration are the effector 
centers for many, we may as well say for all, sorts of excitations, 
every one of which may affect them in turn, or together with others. 
The excitations from the eyes and from the suckers assume a some- 
what more prominent place. This is only because, more often than 
the others, they affect not only the momentary conditions of the 
chromatophores, but also their ‘‘tonus,’’ that is to say, the condition 
of greater or lesser expansion which prevails for some time and on 
which the momentary changes superpose. 

There is a third group of excitations of which little or no notice 
has been taken until now, and which, without any doubt, along with 
those from the eyes and suckers, plays a very important part in deter- 
mining the ‘“‘tonus’’ of the chromatophores in the normal animal 
(Sereni, 1928a). It is easy to notice that the ventral side, both of 
the body and the tentacles, is generally less coloured than the dorsal 
one. This depends partly upon a morphological difference, namely, 
a somewhat different distribution of the chromatophores. A closer 
observation, however, shows that the chromatophores of the ventral 
side are much less expanded. This fact corresponds to a very general 
phenomenon among sea animals, whose ventral side is very often less 
coloured than the dorsal one. This may be considered as a sort of 
protective coloration because, when seen from below, the sea surface 
has a whitish colour. However this may be, there is a more immediate 
cause for it. In the cephalopods the difference in the grade of expan- 
sion between the chromatophores of the ventral side and those of the 
dorsal side is specially marked when the animal lies on the ground 
or is fixed to the walls of the basin. In such cases, as anybody can 
see, there is no danger of the animal being attacked from below and 
any sort of protective device is excluded. It seems much more likely 
that in this case we have to do with a sort of postural reflex of the 
chromatophores. As a matter of fact, if, in the normal animal by 
some special trick, we succeed in placing the animal on its back or 
on one of its lateral sides, we find that the chromatophores are less 
expanded upon whichever side the animal is lying. This is more 
easily done with animals deprived of their eyes and of their suckers. 
If we turn the animal on another side, the change in the grade of 
expansion of the chromatophores is immediate. The mechanisms 
concerned work, therefore, in a very prompt and perfect way. It 





CHROMATOPHORES OF CEPHALOPODS 253 


might be imagined that the chief action is due to the different illu- 
mination of the various sides, the less illuminated being also that in 
which the chromatophores are less expanded. It is, however, easy 
to show that powerful illumination of the paler side does not alter 
the result. Nor is the lesser expansion due to any effect of contact 
or pressure on the chromatophores themselves. The effect of these 
factors would then be directly the opposite, namely, an increase in 
the expansion. The effect goes through the nervous system, it ap- 
pears, not only on the chromatophores touching the ground or the 
wall, but on the entire half upon part of which the animal lies. It 
seems safe to conclude, therefore, that from the part of the body upon 
which the animal lies impulses are sent to the centers of the chromato- 
phores of the corresponding area of the skin, the effect: of which is a 
diminution of the “‘tonus’’ of the centers themselves. This fact adds 
a new and important link to the series of factors acting on the chro- 
matophores and gives us a new instance of postural reflexes, and one 
belonging to a new class. 

We are now in a position to form an opinion, as clear as present 
day knowledge allows, about the external factors influencing the 
chromatophores. A very simple experiment, however, namely, the 
section of any nerve going to the chromatophores, will show us that 
when these are separated from the central nervous system, none of 
the stimuli quoted above will act on them in the described way. We 
are therefore bound to conclude that all these stimuli influence the 
chromatophores through a nervous mechanism, which means that in 
reality they are not acting on the chromatophores themselves, but 
on their nerve centers. The time has come to say something about 
the centers themselves. It is not a part of our task this even- 
ing to expose at length the anatomical facts regarding the central 
nervous system of the cephalopods. It need only be remembered that 
it is the most highly organized and the most centralized among those 
of the invertebrates, the various ganglia running together to form a 
sort of brain. The importance of this is such that it has developed a 
protecting device,—a sort of cartilaginous skull. This “‘brain’’ is large 
enough to allow an experimental analysis of its various parts by means 
of the classical methods of stimulation and extirpation. In relation 
to the chromatophores, this analysis has gone so far as to show the 
existence of several centers for the chromatophores of the different 
parts of the skin. While these centers are located in different parts 
of the brain and are of a motor kind, Phisalix (1892, 1894) was able 
to demonstrate the existence in the highest ganglia, the so-called 


cerebral ganglia, of an inhibitory center acting on the chromatophores 
of the same side. 
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This interesting observation by Phisalix was not confirmed until 
a few years ago I undertook the task of examining the whole question 
of the central control of the chromatophores. In the study of this 
problem I availed myself not only of the classical methods of analysis 
by stimulation and extirpation, but also of the finer one offered by 
the use of drugs. I was then, and I am now, very well aware of the 
dangers connected with this method, and I readily acknowledge that 
its results are subject to criticism and are to be accepted with more 
reserve than those obtained by the former methods. At the same 
time, however, I am of the opinion that the results obtained by means 
of pharmacological analysis, especially if checked with those 
obtained by some other method, afford a very valuable help in carry- 
ing the analysis to a point where neither the scalpel nor the electrode, 
however delicate and however skillfully handled, could arrive. 

As a result of this study, I am now able to confirm the data of 
Phisalix and to add something to them (Sereni, 1928a). The chro- 
matophores are ruled by three different kinds of centers, all of them 
situated in the brain. The first kind are the purely motor (B) centers. 
They are located in the different subesophageal ganglia, are distinct 
for the two sides and for the different areas of the skin, and they 
cannot substitute for each other. These centers are overruled by a 
general coloration-center (A), probably to be located in the so-called 
central ganglia, and by an inhibitory center (C), corresponding to 
that of Phisalix, in the cerebral ganglia. Both these centers, the 
general coloration and the inhibitory one, although symmetrical, may 
act also on the opposite side, and the center on one side may perma- 
nently substitute for the other. Their relations to the purely motor 
(B) centers may be considered as similar to those between the cortical 
and the medullary centers in the vertebrates. 

This description makes it perfectly clear, I hope, that the nervous 
mechanisms connected with the chromatophores are very complex 
indeed. It is interesting to observe that, in this case as in many 
more, the exactness and the delicacy, as well as the rapidity and the 
adequacy of the regulation, has been attained in the same way, namely, 
by the existence of a double innervation, excitatory and inhibitory. 
The ways and the methods nature employs in its laboratory are not 
so manifold as we sometimes fancy they are. 

These have not been the only results achieved with the pharma- 
cological analysis. When studying the action of the various drugs 
on the centers just described, I noticed (Sereni, 1928+) that they 
could easily be grouped, according to their action, into two classes. 
In the first were the substances producing an expansion of the chro- 
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matophores; in the second those inducing a retraction. This depends 
on the action of the different drugs upon the one rather than upon 
the other center. There is nothing astonishing in it, nor in the fact 
that the same effect, for instance, the expansion, can be attained 
either by a stimulation of the excitatory center or by a paralysis of 
the inhibitory. It is, however, rather unexpected to find that the 
grouping of the drugs corresponds very exactly to that with which we are 
well acquainted from the pharmacology of vertebrates, in sympa- 
thetico-mymetic and parasympathetico-mymetic drugs. The fact is 
that the former ones, for instance adrenalin, increase the expansion 
of the chromatophores, that is, the ‘‘tonus’’ of their centers; the latter 
ones, for example pilocarpin, decrease it by stimulation of the inhib- 
itory center, which, on the other hand, is paralyzed by atropin. 

The significance of this observation is increased by the fact that 
the similarity in the action of the drugs of each group among them- 
selves does not limit itself to the action on the chromatophores, or, 
better, on their centers, but extends to many more functions. We 
may quote, for instance, the function of the ink-bladder, that of the 
iris, the respiratory action, and the activity of the muscles in general. 
On all these functions the drugs of each group act in the same way; 
the two groups, however, in opposite directions. Since the similarity 
with the action on the chromatophores is as exact as could be desired, 
we may conclude that all these functions are ruled by a double set of 
centers, excitatory and inhibitory, on each of which acts one of the 
two classes of drugs described above. 

It can be added that the similarity in the grouping of the drugs 
according to their action in the vertebrates or in the cephalopods is 
a very exact one, not only in the broad lines, but also in particulars. 
All this seems to show that this is not due to chance. 

There is, however, a difference, and, apparently, a very deep one, 
between the vertebrates and cephalopods. It is a well-known feature 
of the action of the vast majority of the drugs just named that in 
vertebrates they act at the peripheral end of the nerve; chiefly in 
some part of the junction between nerve and effector organ. In the 
cephalopods, on the other hand, all drugs act, at least in regard to 
the actions we are now considering, on the central nervous system. 
This seems to be a very deep difference, and a very important one 
too. On the other hand, I may say that this difference, however 
important it looks, could be expected beforehand. As a matter of 
fact, and as we shall see more clearly in a later stage of our examina- 
tion, the conditions existing between nerve and effector organ in the 
cephalopods differ very widely from those in the vertebrates. For 
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example, no morphological differentiation such as the motor end- 
plates has been detected so far in the muscles of the cephalopods; 
nor does curari act on the latter in its usual and so characteristic 
manner. These observations may help to explain the reason for this 
one great difference among so many similarities. On the other hand, 
we must remember that the methods employed simply allow us to 
tell that the different drugs act on the central nervous system, or, 
better, on parts of it. With them, however, we are unable to deter- 
mine the nature of the elements on which the drugs are acting, and 
it is quite possible that some of them at least do not act on the cells 
proper, but rather on the synapses, that is, on the nerve endings of 
the cells connected with those of the center on which the drugs seem 
to act. 

Whatever may be the conclusion on this point, it cannot be denied 
that the pharmacological affinities in the vertebrates and in the 
cephalopods are very similar indeed, and this striking similarity can- 
not be without some deeper meaning. We know that in the verte- 
brates two at least of the substances acting on the two sections of the 
autonomic nervous system, namely, adrenalin and choline (or acetyl- 
choline) are to be found in the body itself. These same substances 
are among those acting (with opposite results) in the cephalopods. 
The next step was therefore to look for the presence of these same or 
of some related substances in the cephalopods. Neither adrenalin 
nor choline has ever been recorded in the cephalopods. There are, 
however, at least three substances, tyramine and histamine on one 
hand, betaine on the other, whose action in the cephalopods is very 
similar to that of adrenalin and of choline respectively. These sub- 
stances have been shown to exist in the body of the cephalopods, 
and the two first to circulate in the blood. We have, therefore, a 
very close correspondence with the facts in the vertebrates. In both 
cases substances exist in the body of the animal and in its blood which 
are pharmacologically active on the animal itself. It seemed rather 
improbable that this occurrence should be only casual, and it was 
worthwhile to try to find out if the circulating substances have any 
physiological importance. A first approach to the experimental solu- 
tion of this problem was made possible by a fortunate occurrence. 
There are two very closely related genera, Eledone and Octopus and 
two species of Octopus, macropus and vulgaris. Of these Eledone and 
Octopus macropus are normally much more coloured, Octopus vulgaris 
much paler. In other words, in the first two normally the general 
coloration-center is dominant; in the third the inhibitory one prevails. 
If now the blood of Eledone or of Octopus macropus is injected in the 
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blood stream of Octopus vulgaris, the latter becomes for a while much 
more coloured, and on the other hand, if the blood of Octopus vulgaris 
is injected in Eledone or in Octopus macropus, they become paler 
(Sereni, 1929a). The same experiment may be performed by con- 
necting the two animals in crossed-circulation preparation which I 
have devised for this purpose and which has been described elsewhere. 

The results of this simple experiment show in a very clear and 
definite manner that the circulating blood has some property of modi- 
fying the conditions of the centers of the chromatophores. That this 
property in the case of Eledone and Octopus macropus is connected 
with the presence of tyramine or histamine, or both, is made probable 
by the fact that these substances are much more abundant in the 
blood of Octopus macropus and Eledone than in that of Octopus vulgaris. 
The probability becomes a higher one by the demonstration that in 
conditions when, after an experiment of Bottazzi’s (1924), tyramine 
or histamine are known to be secreted in the blood, the expansion of 
the chromatophores increases. The final proof was given recently 
(Sereni, 19295), when, by the extirpation of the so-called posterior 
salivary glands, (which, as the result of the work of Henze and Botazzi, 
are known as the organs where tyramine and histamine are chiefly 
produced or accumulated) I was able to induce in Octopus macropus 
and Eledone moschata a condition of complete paleness and general 
atonia. This condition persists and the animal eventually dies, but 
it is possible to correct this state by the injection of tyramine and 
histamine or of the blood of a normal animal. 

The work just described proves beyond any reasonable doubt that 
what we had guessed as probable, namely, that the presence in the 
body of pharmacologically active substances could not be without 
some physiological significance, is true. It gives at the same time 
the first definite and, I daresay, conclusive proof of the existence of 
phenomena of internal secretion in the cephalopods and in the molluscs 
in general and one of the very first demonstrations of the same phe- 
nomena in invertebrates. 

Let us now, after this rather long, but necessary, parenthesis, go 
back to the physiology of chromatophores. From this standpoint 
the results quoted above give us the final link in the long chain of 
phenomena connected with the regulation of the chromatophores. 
The centers in the central nervous system, controlling the chromato- 
phores (as well as those connected with many other functions) do not 
only respond to external factors like those previously described; they 
are also under the continuous influence of internal, humoral factors. 
These produce and maintain the tonic basal condition, on which the 
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relatively quick changes induced by external factors take place. The 
effect of these different controls is to make the regulation much more 
delicate. 

There is another point I should like to bring to your notice. It 
has been the merit of Redfield to show, some years ago, that the 
chromatophores of a lizard are subject to a humoral control. His 
results have been widely confirmed and extended in regard to the 
chromatophores of the vertebrates (Hogben, 1924). Now my results 
proved that similar phenomena occur also in the control of the chro- 
matophores of the cephalopods, and almost at the same time Koller 
(1928) and Perkins (1928) were able to show that the same holds for 
the chromatophores of the crustaceans. There is one difference, how- 
ever, between the working of the humoral control in the vertebrates 
and in the cephalopods. In the vertebrates it acts on the chromato- 
phores themselves; in the cephalopods, on the other hand, the humoral 
control works through the nervous system. That means, it influences 
the centers controlling the chromatophores. The explanation of this 
difference may most probably be found in the much higher complexity 
and development of the chromatophores in the cephalopods. 

I feel that this lecture has already been long enough, and | will 
not detain you much further. Our survey of the physiology of the 
chromatophores would be, however, very incomplete indeed if, after 
considering them from the standpoint of their regulation, we should 
not examine them for themselves. In the first place, when in con- 
nection with the central nervous system, the chromatophores are more 
than anything else to be considered as a sort of indicator, and a very 
valuable and suitable one, of phenomena happening elsewhere, chiefly 
in the central nervous system itself. It is possible, however, to con- 
sider the chromatophores—or better, in this instance, their radial 
fibers—from the standpoint of muscular physiology. The chief in- 
terest of this study lies in the fact that we have to do here with single 
muscle-fibers such as there are not many opportunities to find else- 
where. 

All the experiments which I have described heretofore have been 
performed on chromatophores connected with the central nervous 
system through nerves. From now on we shall consider experiments 
on the chromatophores deprived of this connection. It would be, 
however, a very misleading procedure to consider the chromatophores 
of every part of the skin whose nervous connections have been previ- 
ously severed as deprived of every nervous influence and therefore 
showing simply the properties of the muscular fibers alone. The skin 
is so rich in nervous branches, connected to form different plexi, that 
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whenever a stimulus is applied, it is through the nerves that the 
excitation reaches the muscles. This is the conclusion derived from 
the character of the responses, which are identical with those produced 
by the stimulation of the nervous trunks. When, however, enough 
time is allowed to pass after the section of the nerve, or when the 
animal has been dead for some time (the actual length of time varying 
in both instances with the season, that is to say, with the temperature), 
the phenomena observed after stimulation and also without stimula- 
tion become very different. First of all, while in the first days after 
the section of the nerve, or in the first hours after death, the skin is 
completely pale, as well as motionless. Later on it begins to show 
some coloration, and we notice on it the wonderful phenomenon of 
the so-called cloud-migration (Wolken- or Wellen-wandern), which 
may be described as an almost continuous and uninterrupted wander- 
ing from one spot to the other of a condition of expansion of the 
chromatophores, that is to say, of contraction of their radial fibers. 
It is characteristic of this phenomenon that the contraction, during 
its wandering, never jumps; it always goes from one chromatophore 
to the next, and never to one further away. This fact is of the utmost 
importance for the explanation of this phenomenon, which is com- 
pletely different in its nature from anything we may observe on the 
normally innervated skin. In the latter case you may now and then 
observe something superficially resembling the phenomenon described 
above, but in this case the expansion appears here and there in com- 
pletely separated territories, which, if the observation is accurate 
enough, may be recognized as those innervated by the same nerve, 
or group of nerves. In this case the contraction of the radial fibers 
is the result of an excitation of one or more nerves; in the first one 
we have to do with a purely muscular phenomenon, as we shall very 
soon see. 

As a matter of fact, if a stimulation is sent to the skin on which 
the “‘cloud-migration’’ is observed, either through the nerves or 
directly, the phenomena produced are very different from those nor- 
mally observed. No effect whatever follows the stimulation of the 
nerves. When the electric stimulus is applied directly to the skin, 
we notice that the excitability of the chromatophores, to galvanic as 
well as to faradic currents, is very low. It is only with very strong 
currents and with very prolonged stimulations, that it is possible to 
get an effect. Even in this case the expansion is limited just to the 
few chromatophores lying between the electrodes. It starts only after 
a prolonged delay (often after the stimulation is over) and lasts longer 
than the stimulus. This effect is not comparable to the one observed 
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on the normal skin, where the direct application of any stimulus 
produces an immediate and diffuse expansion of the chromatophores 
which lasts just as long as the stimulation itself. The electric excita- 
bility in the two conditions is very different. On the other hand, 
in the skin where this modification of the electric excitability occurs, 
the mechanical excitability of the radial fibers of the chromatophores 
is very high, much higher than when the innervation is intact. This 
augmentation is accompanied by an increase of the excitability for 
luminous and perhaps also for chemical stimuli. This increase of the 
mechanical excitability makes possible the explanation of the phe- 
nomenon of the cloud-migration. If the skin is left unexcited and 
in the dark, its chromatophores are at rest and it is pale, just like 
the normal skin. As soon, however, as a stimulus reaches any spot 
on the skin, the chromatophores of this spot expand; their radial 
fibers, it follows, contract. By their contraction, however, the fibers 
pull on the next ones; and as these are in a condition of mechanical 
hyperexcitability, this very slight stretching represents a stimulation 
strong enough to produce the contraction of the stretched fibers. In 
this way the contraction proceeds, giving the impression of a ‘“‘wander- 
ing cloud.”” The same explanation makes it clear why, when any 
spot in the denervated skin is stimulated, the contraction very often 
propagates in concentric circles, or at least in the two opposite direc- 
tions. On the other hand, it might seem strange that the contraction 
advances, that is, that it only goes one way and not back. It must 
be considered, however, that the radial fibers, like every excitable 
tissue, have a refractory period. The pull exerted by the fibers of 
the chromatophore which contracts, first reaches all surrounding fibers 
which are at rest, and therefore provokes their contraction. This 
contraction, like that of the fibers of the previous chromatophore, 
also exerts a pull, and therefore a stimulation, all round; but while 
on one side this stimulation reaches fibers which are at rest, on the 
other it reaches the fibers of the first chromatophore, which have just 
undergone their contraction and are therefore in the refractory period 
following the excitation. The stimulation given by the pull is there- 
fore ineffective on these fibers and the expansion of the chromatophores 
extends always only to one side and not to the other. 

The chromatophores of the skin which has been for some time 
deprived of its nervous connection are, as we have seen, the bearers 
of very remarkable properties, which are, at least apparently, quite 
different from those of the normally innervated chromatophores. The 
obvious explanation of this fact is that, after the section of the nerve, 
the latter degenerates, and the radial fibers, deprived of this control, 
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develop some new properties of theirown. There are two more facts 
worth noticing in this connection. The first is the rapidity of the 
degeneration of the nerves after the section. Even in the coldest 
season, it never takes more than a week or ten days for the nerves 
to degenerate completely in Octopus and Eledone. The physiological 
results, which are in themselves very clear and conclusive (Sereni, 
1929c), have been, at my suggestion, controlled by Young (1929) with 
histological examination. In the last few days I have been able to 
perform the same experiments here on Loligo, and I have been able 
to see that in this much more delicate animal the physiological aspects 
of the degeneration of the nerves are complete (in summer, at least) 
in not much more than twenty-four hours. After this time it also 
becomes impossible to stain the nerves going to the chromatophores 
with methylene blue. In this instance, as in those previously quoted, 
the physiological results are perfectly checked by the morphological 
ones. When one thinks of the length of time required for nerve- 
degeneration in the frog, there is hardly need to emphasize the differ- 
ence between the two. This shows, I think, that the rapidity of the 
degeneration of the nerve after its section cannot be simply dependent 
upon the body temperature. On the other hand, when the nerve 
degeneration is complete, no more changes occur in the muscles, even 
after six to seven months. 

The second point I want to emphasize is that almost exactly the 
same changes occur after the death of the animal as after the section 
of the nerves. The most outstanding difference (which helps to 
explain other ones) is that, in the former case, the changes occur much 
more rapidly—in the hot season in a few hours. It is very difficult 
to admit that, during this short time, great changes may occur in 
the muscle-fibers themselves, of the kind observed after the denerva- 
tion of muscles in vertebrates. Since, however, the phenomena 
observed in the chromatophores and in the muscles of the cephalopods 
are exactly the same both after denervation and death, it is only left 
us to conclude that in neither case does “‘degeneration”’ of the muscle- 
fiber occur. The phenomena observed are much more those inherent 
in the muscle-fibers as such, unaffected by the nerves. 

It is therefore on the skin of an animal whose nerves have been 
cut some days before, or which has been dead for some hours, that 
we must perform our experiments when we want to consider the chro- 
matophores from the standpoint of the physiology of muscle-fibers. 
The radial fibers are smooth fibers, but in the rapidity of their con- 
traction and relaxation they approach striated fibers. On the other 
hand, in their notable capacity for rhythmical contraction they re- 
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semble the fibers of the myocardium. Their study is therefore of 
much interest, the more so because when you experiment on the chro- 
matophores, you are in reality doing many experiments at once. As 
a matter of fact, sirice every fiber contracts independently, the effect 
noticed is not, as in every other muscle, a summation of the individual 
effects of each fiber, but more like a statistical average of them. The 
result is, therefore, more likely to approximate the truth. 

It is easy to observe in the chromatophores many phenomena 
regarding the general physiology of muscles. Cadaveric rigidity, for 
instance, reveals itself with an extreme expansion, which lasts for 
some hours and passes off slowly. It is preceded, during some hours, 
by a beautiful and very irregular play of colour.’ 

In addition, it is possible to study the action of many factors on 
the chromatophores, with the advantage, already emphasized, that 
you can be sure that the effect observed is due to an action on the 
muscle-fibers themselves. I have tried the effect of high and low 
temperature and of changes in the osmotic pressure (Sereni, 1927). 
There are beautiful researches by Hertel (1907) on the action of lights 
of different wave-length which affect differently the various kinds of 
chromatophores. By the way, since the colour belongs to the chro- 
matophores proper and not to the radial fibers, this fact shows that 
between the former and the latter, relations exist which cannot be 
nervous, since the experiments of Hertel were performed on paralyzed 
skin. 

Among the advantages of the chromatophores in comparison with 
other objects for the study of muscular physiology, one of the more 
important is that, since the fibers are isolated and very superficial, 
they are all reached and affected practically at the same time. Con- 
sequently there is no lagging behind. This advantage is especially 
noteworthy in the experimental analysis of the action of chemical 
substances. I have tried the action of different cations and anions 
(Sereni, 1927). All of these, in solutions isotonic with sea water, 
induce a more or less intense and rapid contraction of the radial fibers. 
Among the monovalent cations the most active is K, the least Na;. 
between these two extremes other cations act as follows: 


K > Rb > NH, > Cs > Li > Na. 


Ba is the most active of bivalent cations; the others are ordered 
as follows: 
Ba > Sr > Ca > Mg. 


While Na produces a very distinct contraction, Mg has only a 


* This phenomenon was demonstrated by means of cinematograph film. 
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short and indistinct action in this sense, and its chief effect is to 
produce a complete but reversible paralysis. It is Mg which antag- 
onizes both the K and Ca in sea water in regard to their action on 
the chromatophores, and no solution without Mg is able to maintain 
the latter in good working condition for any length of time. 

Among the anions the series, which is less distinct, is as follows: 


SO, > HCO; > I, SCN > NO;, Br > Cl. 


It would take us too far to compare these series with the similar ones 
obtained on other objects and especially on smooth and striated 
muscles, and we must be satisfied with this simple hint. 

The majority of these ions produce exactly the same effect on the 
normal and denervated skin. This means that they act on the muscle- 
fiber proper. Since they act also when the fibers have lost their 
direct excitability, they probably act on the contractile mechanisms 
themselves. While the ions act peripherally, none of the drugs I 
have tried, with the probable exception of histamine, act at all under 
these conditions; we can therefore conclude that they do not affect 
the contractile mechanisms, on which the ions act. If we experiment 
with the same drugs on skin which has been denervated for a very 
long time, only a few of them, namely strophanthin and digitalin, 
show their action, which consists in a powerful and very durable 
contracture. Since, under these conditions, the radial as well as the 
other muscular fibers have lost their indirect, but still retain their 
direct excitability, the conclusion is that strophanthin and digitalin 
act on the excitatory apparatus of the muscle-fiber. 

On the contrary, on the normal, freshly isolated skin it is possible 
to evoke an intense expansion of the chromatophores (that is to say, 
a contracture of their radial fibers) not only by different ions or by 
strophanthin, but also by many other drugs, such as nicotin, acetyl- 
choline, choline, pilocarpine, arecoline, coniine, etc. In the normal 
skin many nerves and even nervous plexi (without ganglion cells) are 
to be found; and it seems at first very likely that, since the last-named 
drugs do not act directly on the muscle-fibers, they evoke the con- 
traction of the latter through a stimulation of the nerves. It is 
possible, with a little skill, to isolate a fairly long piece of some nerves, 
for instance, of the coloration nerves of the tentacles or of the mantle- 
connectives. If now any of the above-named drugs, say nicotine, is 
allowed to act on this isolated nerve, but not on the chromatophores, 
no contracture occurs. The nerve may or may not lose its excita- 
bility after more or less time, but there is no sign of any stimulation. 
It seems highly improbable that the action of drugs on different parts 
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of the nerve-fibers is different. It appears, therefore, safe to conclude 
that nicotine and its fellow-drugs do not produce the contracture by 
acting on the nervous plexi of the skin. There is another fact which 
makes this conclusion quite certain. We have seen above that the 
degeneration of nerves begins after a very short time and is complete 
a few days after the section. Now, after this delay, while the indirect 
excitability of the chromatophores is completely and forever lost, 
nicotine still maintains the capacity for producing an intense con- 
tracture. The seat of its action cannot, therefore; be in any part of 
the nerve, which at this time is completely out of function, but must 
be more peripheral. On the other hand, we have seen that nicotine 
and other similarly acting drugs do not act on the muscle-fibers proper. 

There is only one solution to this puzzle, namely, that these drugs 
act neither on the nerve nor on the muscle-fiber, but on something 
intermediate, on something which does not belong to the nerve, 
because it does not degenerate with it, but is strictly dependent on 
it for its function. This dependence is shown by the fact that when 
the nerve has degenerated, the excitability of the muscle-fiber for 
electrical and mechanical stimulations is the same in the first months, 
when the intermediate structure is still there, as later, when it also 
disappears. The excitability for nicotine and other specific chemical 
stimulants, which is still present in the first period after the nerve- 
degeneration, disappears after some months. It is just this difference 
which allows the conclusion that between the two periods there must 
be a change, namely, the presence or absence of the intermediate zone 
on which nicotine acts (Sereni, 1930). 

There is hardly need to recall how far these facts correspond to 
the well-known phenomena which occur after nerve-section in the 
vertebrates. They are the more interesting because they represent 
the first experimental examination of these problems outside the 
vertebrates. As in cephalopods, also in vertebrates, nicotine acts on 
a part intermediate between nerve and muscle, a part which does not 
degenerate with the nerve but disappears only much later, very likely, 
as in cephalopods, because of a sort of atrophia ex non usu. 

There is, however, a difficulty in connecting and comparing the 
phenomena in vertebrates and in cephalopods. In the first group the 
study of these phenomena is very much helped by the existence, in 
curari, of a drug which antagonizes the action of nicotine and paralyzes 
the motor nerve-endings. Now, as mentioned above, curari does not 
show its specific action in the cephalopods at all, nor does it in any 
way interfere with the action of nicotine. It was just because of this 
failing of curari that up to the present nothing was known about the 
connections between nerve and muscle in cephalopods. 
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It must be added that so far the most painstaking examination, 
in the hands of such careful workers as Hofmann (whose results in 
this regard I can fully substantiate), has not succeeded in showing 
any differentiation of the motor nerve-endings in the cephalopods of 
the type of motor end-plates. It is on these latter, however, that 
curari most probably acts in the vertebrates, and their absence is in 
good accord with the absence of action of curari. 

On the other hand, it must not be believed that, because curari 
fails to show its characteristic action, it is impossible to find in cephalo- 
pods any drug which specifically paralyzes the same zone which is 
stimulated by nicotine. By a systematic experimental investigation 
of the action of many drugs on the muscles of cephalopods, I was able 
(loc. cit.) to find that strychnine more characteristically and specific- 
ally, but also quinine, caffein, ephedrine, tetrahydrobetanaphthyl- 
amine, act on the intermediate zone, which they paralyze, antagonizing 
in this way the action of nicotine and of the similarly acting drugs. 

Things seem to become rather complicated, I fear; and compli- 
cated, indeed, they are. A possible key is given by the most recent 
work of Riesser (1925) on the vertebrates. This author has shown that, 
contrary to the opinion of Langley, it is quite possible to distinguish 
the action of curari as an antagonizer to nicotine from the block of 
the conduction of impulses from nerve to muscle. The latter, which 
appears for minor doses, disappears after the degeneration of the nerve, 
and must be located in the nerve-ending proper. The former effect, 
which can be demonstrated a long time after the section of the nerve, 
although in the end it also disappears, has as its seat a more peripheral 
part, the receptive substance of Langley. 

If we compare these results with our own in the cephalopods, we 
must conclude that the character of the differentiation we succeeded 
in demonstrating in the radial fibers as well as in all other muscle- 
fibers of cephalopods is similar, although not identical, to that of 
the receptive substance in the muscles of vertebrates. It cannot be 
said whether the physiological and pharmacological differentiation— 
the only one demonstrated by our results—corresponds to any mor- 
phological differentiation. That this last has not yet been found 
cannot be accepted as a definite negative proof, since, according to 
the opinion of Boeke, the morphological structure corresponding to 
the receptive substance should be his periterminal network, and it is 
quite possible that it has not yet been demonstrated because of tech- 
nical difficulties. On the other hand, there are neither physiological 
nor pharmacological proofs of a differentiation in the cephalopods of 
the motor nerve-endings, corresponding to that on which curari acts. 
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This is in accord with the results of the histological research, which 
fails to demonstrate any form of end-plates (which could not be over- 
looked). 

We have described the changes in the excitability of the chromato- 
phores which follow the section of their nerves. We have not, how- 
ever, or only too briefly, referred to the fact that, soon after this 
section, the chromatophores expand spontaneously, developing what 
has been called a ‘ peripheral autotonus.”’ 

It is too late now to describe at length this phenomenon and to 
discuss its origin. I should only like to recall that betaine, which, 
as stated above, is to be found in the cephalopods, acts on their chro- 
matophores exactly like nicotine. On the other hand, tyramine, 
whose presence and action on the nerve-centers has been described 
before, very much increases the excitability of the radial fibers of the 
chromatophores. The action of these two substances suffices, there- 
fore, to explain the phenomena (expansion, increase of the mechanical 
excitability) observed on the chromatophores after the section of their 
nerves. As they are to be found in the body and the blood of the 
cephalopods, it seems not too difficult to admit that they play a part 
in the production of these phenomena. Therefore, while on one hand 
they control the behaviour of the chromatophores through their nerve- 
centers, on the other they act on the chromatophores themselves, but 
this peripheral influence can only be shown when the central control 
has ceased to act for some time. 

Ladies and genilemen: At the beginning of this lecture, I told you 
that the study of the chromatophores of the cephalopods has many 
interesting aspects, and that they can be examined both for them- 
selves, when their radial fibers supply us with an almost unique oppor- 
tunity of studying under the best experimental conditions the reactions 
of physiologically isolated muscle-fibers, and as indicators of phe- 
nomena taking place in their ruling centers. 

I hope that the results presented may have substantiated these 
claims. To summarize them in a few lines, we can say: 


1. The chromatophores, under normal conditions, are ruled by 
different groups of nervous centers, both excitatory and inhibitory. 

2. These centers are under the continuous control of at least two 
humoral factors, whose action determines the ‘‘tonus”’ of the nerve- 
centers, and by this means, the condition of the chromatophores 
themselves. This is the first demonstration of humoral correlations 
in cephalopods, and it is very likely that it is connected with an endo- 
crine function of the posterior salivary glands. 
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3. The connection between nerve and muscle has for the first time 
been studied in cephalopods, and I was fortunate enough to show that 
there is a differentiation, whose characteristics are similar to those of 
the receptive substance in the vertebrates. There seems to be no 
differentiation cosresponding to that on which curari acts. 

These are only a few instances of the many experiments for which 
the chromatophores of the cephalopods offer an admirable object. I 
wonder if somebody may perhaps ask what is the purpose of repeating 
on different objects experiments already performed. It may be that 
this is sometimes an idle and useless task; although, you must remem- 
ber, it has happened more than once that repetition of former experi- 
ments on a new object has lec to quite new results, not infrequently 
more important than the first ones. But I daresay there is one more 
reason, and a very good one, for welcoming every addition to the 
number of our experimental animals. 

Physiology today is moving in the direction of general physiology. 
Now we are perhaps, all of us, too often inclined to forget that a 
general physiology cannot be only a general physiology of vertebrates, 
but has as its necessary base and complement comparative physiology. 
On the other hand, to compare the physiology of different animals, 
we must study the physiology of each of them. To say it in different 
words, general and comparative physiology can only rest on an ever- 


widening knowledge of the special physiology of the different types. 
It often happens that this widening is accompanied by an increase 
and a deepening as well; if not, the results will be welcome just the 
same. 


It may appear that I am rather too keen on this point. I hope, 
however, that this will not be your opinion, ladies and gentlemen, 
who have gathered from all over the world at this place, which is, 
undoubtedly, together with its sister Station in Naples, the chief 
shrine where comparative physiology and general physiology have 
been honored and practiced daily for many years and, favente Deo, 
will be for many years to come. 
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Indirect evidence has been accumulating which indicates that the 
conduction of the impulse in nerve depends in some way upon phe- 
nomena of oxidation. The purpose of the experiments to be reported 
in this preliminary paper is to determine, if possible, whether the iron- 
containing respiratory enzyme of Warburg is required for the activation 
of the oxygen used in the production and propagation of the nerve 
impulse. For this purpose we have adopted the procedure of treating 
the tissue with substances which unite with the respiratory enzyme 
and hence act as poisoners of this oxidative system in the cell. War- 
burg (1927) has shown that carbon monoxide may inhibit cellular 
respiration very completely in the absence of light and that this 
inhibition is reversible to a considerable extent by illumination. 
Similar effects are produced by hydrogen sulphide although the com- 
plex formed by the union of hydrogen sulphide with the respiratory 
enzyme is not sensitive to light (Negelein, 1925). 


EXPERIMENTAL 


Nerve irritability was followed by determining the threshold shock 
required to produce a muscle twitch. Nerve-muscle preparations 
from green frogs were used, the customary arrangement being as shown 
in Fig. 1. The nerve passed through two chambers, A and B, each 
containing a pair of platinum stimulating electrodes and an inlet and 
an outlet tube for the passage of gases. It was also possible to 
immerse the nerve in different solutions in each chamber if so desired. 
Condenser discharges were used for stimulation. Fig. 2 illustrates 
the electrical arrangement employed for this purpose. As shown in 
the diagram, when the key was up the condenser was being charged 
to a potential indicated on the voltmeter. Depression of the key 
discharged the condenser through the nerve. A selector switch facili- 
tated shifting from one condenser to another. The choice of the 
condenser value was determined by the relative irritability of the 
preparation at the beginning of the experiment. In most cases a 
0.005 mfd. condenser was used and the threshold at the outset was 
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usually less than one volt. Having once determined upon a condenser 
value to be used in any particular experiment, this value was used 
throughout the experiment. 


> 


Fic. 1. Sketch of nerve-muscle preparation in place. Nerve lies over pair of 
electrodes E in chamber A, and E’ in chamber B. T and 7”, inlet tubes for passage 
of gas; Th, thermometer; MC, moist chamber for muscle. 


Fic. 2. Electrical diagram for stimulating device designed to operate on alter- 
nating current. C represents a series of condensers varying in capacity from 0.001 
mfd. to 0.1 mfd. E and E’ are pairs of platinum electrodes in chambers A and B, 
respectively. FC, 2 mfd. filter condenser; FR, filter resistance; K, key; N, nerve; 
P, potentiometer, 1000 ohms; P’, potentiometer, 10,000 ohms; RT, rectifier tube UX 
280; S, selector switch; Tr, transformer; TC, 2 mfd. tank condenser; V, multiscale 
voltmeter. 


THe EFFect OF CARBON MONOXIDE ON NERVE [IRRITABILITY 


The carbon monoxide was generated by dropping concentrated 
formic acid into hot sulphuric acid. In experiments in which pure 
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carbon monoxide was used, the gas was passed from the generator 
over glowing copper through wash bottles to the preparation through 
sealed tubes. When the carbon monoxide was to be diluted with 
oxygen it was passed from the generator into large calibrated bottles 
and the proper dilution with oxygen made. After allowing some time 
for diffusion of the gases, and having analyzed samples, the gas mixture 
was passed through wash bottles to the preparation. Some difficulty 
was encountered in preventing gas leaks from the outside into chamber 
A, and from chamber A into chamber B. To prevent this, a very 
slow stream of moist gas was passed through each chamber for the 
entire duration of the experiment. In experiments in which carbon 
monoxide was passed through one chamber and nitrogen through the 
other, the pressure of the carbon monoxide was maintained at a some- 
what higher level than that of the nitrogen. An arc light served as 
a source of illumination and the rays were passed through copper 
sulphate to filter out the long wave lengths. A thermometer lying 
next to the nerve in the chamber indicated the temperature. 

It was found that nerves lose their irritability fairly rapidly in 
mixtures of carbon monoxide and oxygen in which the concentration 
ratio is 20 to 1 or greater, although failure in pure carbon monoxide 
does not appear to be more rapid than in pure nitrogen. While it 
was possible to determine irritability quite accurately by the present 
method, it would perhaps have been more satisfactory to have used 
the action potential as the criterion of the reactivity of the nerve.’ 
Under the conditions of these experiments it was possible for all but 
a few of the nerve fibers to have failed completely without greatly 
affecting the threshold readings. Consequently the usual result was 
that treatment of the nerve with carbon monoxide had little effect on 
the threshold readings until the last fibers began to fail, at which time 
the threshold rose rapidly and reached infinity in a short time. This 
greatly restricts the period of time during which one might expect to 
obtain an effect with illumination. Nevertheless, in a number of 
experiments it was found that illumination of nerves during the 
period of failure in mixtures of carbon monoxide and oxygen caused a 
definite decrease in the threshold (see Fig. 3). The threshold usually 
continued to decrease as long as the nerve was illuminated. Numerous 
instances were recorded in which illumination caused a return of 
irritability in nerves which had become completely non-irritable in 
carbon monoxide mixtures; that is, the threshold returned from in- 
finity to definitely readable values (100-200 volts with a 0.005 mfd. 


1 This has now been accomplished by means of the cathode ray oscillograph and 
will be published shortly by one of us. 
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condenser). In some cases a definite after-effect of the light was 
noted which lasted for some minutes, but, owing to the limitations of 
the threshold method, investigation of this effect must be deferred. 





20 


Fic. 3. Effect of carbon monoxide on nerve irritability. Ordinates, threshold 
in volts (with a 0.001 mfd. condenser); abscissae, time in minutes. Circles represent 
thresholds of portion of nerve in chamber B; points, in chamber A. At C, a mixture 
containing about 99.5 per cent carbon monoxide and 0.5 per cent oxygen was passed 
into chamber B, air being passed through chamber A. At D, nerve in chambers A 
and B was illuminated; at E, illumination was discontinued. 


Although the most striking light effects were observed in nerves 
which were failing in carbon monoxide-oxygen mixtures, similar results 
were also obtained when carbon monoxide carefully freed of oxygen 
was used. It seems probable that these results are best explained on 
the assumption that traces of oxygen leaked into the chamber through 
the tube which conveyed the nerve and that this small amount of 
oxygen sufficed to unite with the iron catalyst under the influence of 
light, causing a temporary partial return of the irritability. 


Tue Errect oF HyDROGEN SULPHIDE ON NERVE IRRITABILITY 


To test the effect of hydrogen sulphide on nerve function, two 
types of experiments were performed. In the first type the nerve 
was freely suspended over the electrodes in both chambers and 
hydrogen sulphide from a generator was passed into chamber B, air 
being circulated through chamber A. In the second type of experi- 
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ment the nerve was made to dip into a solution containing hydrogen 
sulphide in chamber B, but was freely suspended over the electrodes 
in chamber A. In the latter case the solution was made by dissolving 
sodium sulphide in Ringer solution and adjusting the pH to 7.6 by 
the addition of hydrochloric acid. It was possible by this method to 
replenish the sulphide solution frequently, thus preventing escape of 
gas and corresponding dilution of the solution. Fig. 4 illustrates 


1 
Fic. 4. Effect of M/500 solution of sodium sulphide (adjusted to pH 7.6) in 
Ringer solution on nerve threshold. Ordinates, threshold in volts (with a 0.005 mfd. 
condenser); abscissae, time in hours. Circles represent thresholds of the portion of 


the nerve dipping in sulphide solution in chamber B; points represent thresholds of 
control stretch of nerve in chamber A. 


typical results obtained in these experiments. The threshold of the 
portion of the nerve treated with hydrogen sulphide was found to 
rise slowly for a period of time and then to rise very rapidly. The 
threshold of the control stretch of nerve in air remained unaffected. 
Recovery in Ringer solution was usually incomplete. Replacing the 
sulphide-containing solution with Ringer solution produced scarcely 
any recovery of the nerve; it was usually necessary to withdraw the 
nerve from the chamber and bathe the whole preparation in Ringer 
solution for a time. This was doubtless due to the fact that during 
the period of poisoning, hydrogen sulphide diffused into the nerve 
a considerable distance beyond the point of immersion in the solution. 
Subsequent replacement of this solution with Ringer solution had little 
effect on the portion of the nerve poisoned by the diffused hydrogen 
18 
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sulphide. Hence to obtain recovery it was necessary to remove the 
preparation and bathe it in Ringer solution to remove this remaining 
sulphide. 

DiIscussION 


Although the present experiments are subject to certain limitations 
inherent in the threshold method, as pointed out above, the data 
demonstrate that both carbon monoxide and hydrogen sulphide may 
render the nerve non-irritable. The effects produced by carbon 
monoxide were in almost all cases reversible, those produced by 
hydrogen sulphide were less reversible. Since these substances are 
efficient poisoners of the iron-containing respiratory enzyme, it is 
likely that the oxygen which is used in the production and propagation 
of the impulse has first to be activated by the respiratory enzyme. 
This view is supported by the fact that illumination of nerves failing 
in carbon monoxide-oxygen mixtures causes a temporary return of 
irritability. There is also ample evidence indicating that this light 
effect is not due simply to a rise in temperature. The rise in tempera- 
ture as recorded by the thermometer lying next to the nerve seldom 
exceeded 1.0—1.5° C. for a ten minute period of illumination. Further- 
more, light had no effect on an equally illuminated portion of the 
same nerve in the chamber immediately adjoining the carbon monoxide 
treated portion. Complete discussion of the mechanism of this 
catalytic oxidative system and its possible relation to the irritable 
mechanism in nerve must be deferred until the completion of further 
experiments now in progress, in which the action potential has been 
measured by means of the cathode ray oscillograph. 


SUMMARY 


1. Both carbon monoxide and hydrogen sulphide, which presum- 
ably inhibit cellular oxidations by combining with the iron-containing 
respiratory enzyme, render nerve non-irritable. The effects of carbon 


monoxide appear to be completely reversible, those of hydrogen 
sulphide, less so. 


2. Illumination of nerves failing in mixtures of carbon monoxide 
and oxygen causes a temporary partial return of irritability and there 
is some evidence that there is an after effect of the illumination which 
may last some minutes. 
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PARAMECIUM INFUSION HISTORIES 


I. HyprRoGEN IoN CHANGES IN Hay AND Hay-FLour INFUSIONS 


EDGAR P. JONES 


DEPARTMENT OF ZOOLOGY, UNIVERSITY OF PITTSBURGH 


The data presented in the following article were collected in the 
course of observations made upon a series of forty-seven infusions, 
in an effort to accumulate as complete a record as possible of the events 
which take place in a culture of Paramecium multimicronucleatum. 
This article will be restricted to pH behavior. Other phases of the 
culture history will be dealt with in articles to follow. 


HISTORICAL 


The literature of this subject is quite limited. 

Bodine (1921), using colorimetric methods, studied the hydrogen 
ion behavior of various infusions in which he was able to raise mixed 
protozoan cultures. His infusions passed through acid and alkaline 
cycles in a manner which closely resembled the behavior of the 
infusions that we are reporting as types, with the difference that the 
various cycles were retarded in his infusions. This was probably due 
to the larger volumes of the infusions which he studied. Our large 
cultures displayed a similar retardation. 

Pruthi (1927) studied the hydrogen ion concentration of a series 
of hay infusions of different sizes which were made without boiling, 
and which were allowed to develop protozoan populations without 
seeding. In these studies he recorded changes of pH which were 
quite similar to those which are reported in this paper. 

Darby (1929 and 1930) has demonstrated in a very convincing 
manner that the division rate of Paramecium caudaium and P. aurelia 
is greatest at a pH slightly less than 7.00, and that an increase or 
decrease of hydrogen ion concentration from this optimum will reduce 
the division rate. 

Beers (1927) has reported the hydrogen ion concentrations of 
cultures of bacteria alone, and of bacteria and Paramecia. He says, 
“Tt is seen that the hydrogen-ion concentration of fresh infusion was 
pH 6.2, and that it increased to 5.8 during the first twenty-four hours, 
after which it steadily decreased as the infusions grew older. This 
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succession of changes in hydrogen-ion concentration was observed 
regularly in all infusions prepared.”’ It will be noted that his results 
agree only in a very general way with ours, both with respect to the pH 
variation and the time of greatest hydrogen ion concentration. 

Phillips (1922), experimenting on the feeding of known kinds of 
bacteria to Paramecium, reported at the termination of her work that 
two of her cultures showed a pH of 8.2, while the third had a pH of 8.4. 

Johnson (1929) reported that the cultures from which he took 
Paramecium ranged between pH 7.4 and 8.0. He described this stage 
as one in which the Paramecia were scattered throughout the culture. 

Beers (1927), while investigating the encystment of Didinium in 
buffered solutions of varying hydrogen ion concentration, found that 
the limits within which the organism could live were approximately 
pH 5.0 to pH 9.6. Crane (1921) found practically the same limits for 
Paramecium, and Johnson (1929) determined that Paramecia, in drops 
of solution tested colorimetrically, were killed at pH 5.0. His electro- 
metric readings indicated a pH somewhat lower. 


MATERIALS AND METHODS 


This series of studies was made on infusions of three sizes. The 
medium size, 700 cubic centimeters, was considered the standard, and 
the major portion of the cultures contained that amount of liquid when 
made. Three infusions of one third that size were studied, as were 
three of 7 litres. The 700 cc. cultures were all kept in containers 
of uniform size and shape. In the discussion which follows, only the 
700 cc. cultures will be considered, unless the larger or smaller infusions 
are mentioned specifically. 

Of the infusions studied, some were loosely covered, others were 
open. Experience proved that the loosely covered jars lost two cubic 
centimeters by evaporation daily, while the open jars lost six times 
that amount. This uniformity of evaporation rate was obtained by 
keeping all of the cultures in a constant temperature room at 27° C. 

The standard culture of 700 cc. capacity became divided into a 
considerable number of groups, dependent upon the quantities of hay 
and flour that were used in preparing them. The practice was to 
prepare at least three infusions of any one of the more important types 
simultaneously, and the facts so obtained were again checked in some 
cases by preparing a single infusion of the same kind later. The 
composition of these infusions is most readily described through the 
agency of the table which follows. 
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TABLE I 


Infusions in which Paramecium Lived and Multiplied 


No. Infusions Made Grams of Hay Used | Grams of Flour Used Covered or Open 


9 0.1 Covered 


Infusions in which Paramecium did not Live 


No. Infusions Made Grams of Hay Used | Grams of Flour Used Covered or Open 


4 0.4 Covered 
1 0.1 ” 
1 0.2 _ 
2 0.8 ” 


All infusions were prepared by bringing distilled water to a boil 
in a covered granite kettle, adding the required amount of timothy 
hay, and boiling for ten minutes. The uniformity of the hay for the 
entire experiment was controlled by passing a considerable amount of 
the original hay through a meat chopper, and then thoroughly mixing 
the cut product. White wheat flour, when needed, was mixed into 
the hay and added to the infusion with it. 

Infusions so prepared were poured into their respective containers 
and allowed to cool until the following day, when they were seeded 
with two hundred Paramecium multimicronucleatum of a pure line. 
This formula is essentially similar to the one used by Packard which 
was on file in this laboratory. 

Hydrogen ion concentration measurements were made at frequent 
intervals during the life of the culture, as were population counts. 
These data were plotted against time in a series of graphs. This 
method proved convenient, as it showed clearly the relationships 
existing between population per cc., volume of infusion remaining, and 
hydrogen ion concentration on any day of the infusion life. 

The pH readings were made with a No. 5270 Youden Apparatus. 

All infusions were stirred violently at intervals of one to three days, 
when population counts were made. 
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OBSERVATIONS 


From the data gathered, certain facts concerning the hydrogen ion 
concentration of a hay, or of a hay-flour culture of Paramecium 
multimicronucleatum stand out with such clearness, and are so typical 
of the results obtained in this experiment, that it seems safe to illus- 
trate the general hydrogen ion history of a successful culture by con- 
trasting one culture which failed, probably due to the prolonging of 
the acid period, with a second one which succeeded. We presume 
that this success was due to a more favorable pH behavior on the part 
of the second culture. Culture 36, of which Plate 1 is the graphical 
record, made with one gram of hay and 0.1 gram of white flour, 
developed a culture in a normal and satisfactory manner. It had a 
pH of 6.93 within an hour of the time that it was made, and while it 
was still slightly warm. During the next twenty-four hours, it went 
down to pH 6.08, at which time it was seeded with two hundred 
Paramecia. For some reason it seemed to hesitate in its pH reducing 
process. This is the usual behavior. The second day found it still 
pH 6.09 at 10 A.M., but the evening of the same day showed a pH of 
5.64. After midnight of the third day, when the pH was 5.15, it 
reached its turning point, for by 11 A.M. of the fourth day the reading 
was 5.22. Midnight of the fourth day showed pH 5.38, and from 
this point it made a rapid return to pH 6.95, the hydrogen ion con- 
centration which it reached by midnight of the eighth day. 

The hydrogen ion behavior of this culture is, essentially, the 
behavior of each culture in the series of experiments in which the 
Paramecia survived the extremely acid period. In most of the cul- 
tures the highest hydrogen ion concentration noted was between pH 
5.00 and 5.50, although culture 35 developed a pH of 4.83 without 
killing all of its 200 seed Paramecia. Such an acid condition was 
usually developed in about four days, and a condition of approximate 
neutrality was reattained in from eight to ten days. The following 
ten days characteristically fluctuated between slight acidity and slight 
alkalinity, following which there was a gradually increasing alkalinity 
throughout the remainder of the life of the infusion. This final 
alkalinity seldom was more than pH 7.5 when 250 cc. of the infusion 
remained, and usually it was less. 

In the open cultures, where a greater reduction of the volume took 
place, a rising pH resulted. Culture 4, the graph of which is not shown, 
recorded a pH of 8.31 when only 20 cc. of the original 700 remained. 
Infusions such as No. 4, which had lost a greater portion of the original 
fluid through evaporation, usually contained 2000 or more Paramecia 
in each cc. of the culture. Such remarkable concentrations of the 
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Pry 


values 


Time in| days 
5 16 20 25 30 36 40 


PLaTe 1, This graph shows the typical hydrogen ion behaviour of a hay- 
flour infusion which was seeded with 200 Paramecium multimicronucleatum before it 
had reached its maximum acidity. 

This pH record is typical of all cultures in this series of experiments, in which 
the Paramecia lived. 
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Paramecium population might be continued for ten days or more, if 
open jars, which had evaporated the greater part of their infusion, 
were covered. 

It was repeatedly noticed that the Paramecium population in a 
successful culture was concentrated near the top in a younger infusion; 
was uniformly distributed throughout the container in a culture of 
medium age; and finally, that the animals concentrated at the bottom 
of the culture. It seems probable that this systematic behavior is 
associated with the changing pH conditions that are reported in this 
paper. Johnson (1929), Child and Deviney (1926), and Pruthi (1927) 
have reported somewhat similar observations of population distri- 
bution. 

Such a distribution of animals did not appear to be caused by 
differences in hydrogen ion concentration at different levels of the 
infusion. The electrometric readings of the pH of material taken 
from the top, middle, and bottom of a container were alike when 
investigated on different occasions. Color indicators added to cultures 
showed no hydrogen ion concentration differences at the various levels. 

Plate 2 is the graphic record of Culture 34. It serves as a contrast 
to the cultures which were successful. The medium was made by 
boiling 4 grams of hay and 0.1 gram of flour in the usual amount of 
water. As is shown in the attached graph, this culture also started 
at neutrality, hesitated in its pH reducing process when the same 
quantities of Paramecia and infusion were added, after which its pH 
continued to reduce until it had reached 5.05 by midnight of the third 
day. If the hydrogen ion concentration had returned to normality 
in this infusion as it did in Culture 36 which was previously described, 
it seems probable that a successful culture would have been established. 
Instead, the pH readings remained between 5.00 and 4.90 for the next 
five days, at which time an examination showed that all of the animals 
were dead. The hydrogen ion concentration of this infusion did 
return to normal a few days later. It was then seeded with a second 
quota of 200 Paramecia and these animals multiplied satisfactorily. 
The pH when this infusion was seeded the second time was 7.3. 

In all such infusions, the list of which is given, it appeared that a 
prolonged acid phase was induced in the early stages of the infusion 
by the addition of either too much hay or too much flour. When no 
flour was used, as much as 4 grams of hay did not induce either super- 
acidity, or acidity too prolonged. The addition of 0.1 gram of flour 
to such a formula produced a medium which killed. If one tenth of 
one gram of flour was used, the hay had to be reduced to less than 
two grams if the seed Paramecia were to live. 
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Such results would have caused us to altogether discontinue the 
use of flour in the making of the media, had we not noted that the 
densest populations were secured when flour was used. The choice 
formula, therefore, came to be one gram of hay and one tenth of one 


5 35 40 


PLATE 2. This graph shows the typical pH behavior of a hay-flour infusion 
which killed its ‘seed’ population of 200 Paramecium multimicronucleatum, presum- 
ably as a result of the prolonged superacidity. 

No hydrogen ion concentration readings were made between the eighth and the 
twenty-fifth days. ‘Seed’ Paramecia introduced on the twenty-fifth day grew 
successfully at the hydrogen ion concentrations shown. 


gram of flour in 700 cc. of distilled water. Such a culture in a covered 
jar would usually support from 300 to 700 animals for each cubic 
centimeter of the infusion, producing a total population of 200,000 
to 500,000. 
DIscussION 

A consideration of the data which have been presented indicates 
that the length of time in which the extremely acid phase continues, 
determines whether the infusion will kill the seed Paramecia which 
are introduced the second day. This acid phase is accompanied 
by fermentation, and is evidently brought about by bacterial activity. 
The degree of hydrogen ion concentration is probably a factor in 
determining whether all of the seed Paramecia will be killed. Crane 
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(1921) states that pH 5.0 is the greatest hydrogen ion concentration in 
which Paramecium can live for twenty-four hours. Culture 35 of this 
series developed a pH of 4.83 for a few hours without killing the 
Paramecia in it, but our usual culture did not have a hydrogen ion 
concentration greater than pH 5.0. 

The second stage of the pH behavior, in which the infusion returns 
to normality and then becomes alkaline, is probably brought about 
by a second cycle of bacteria. Peters suggested the probability of 
such bacterial cycles as early as 1907. 

Our observation of similar hydrogen ion concentrations at the top, 
middle, and bottom of cultures would seem to disagree with those of 
Peters (1907), who found an increase in thetitratable acidity as materials 
were drawn from deeper levels. Fine’s (1912) series A and C, from 
which he did not strain out the hay, paralleled the behavior of Peters’ 
infusions; but his series B, from which he had removed the hay, 
showed practically no differences in titratable acidity at different levels. 
Fine believed that this acidity was caused by bacterial action, and he 
suggested that the greater acidity at or near the bottom was due to 
the concentration of the bacteria about the hay. Such an explanation 
might account for the uniformity of our pH readings at different 
levels, for our cultures were violently stirred at intervals of one to 
three days, when population counts were made. Such treatment 


would scatter the bacteria throughout the culture. 

We plan to try to determine the species of bacteria which cause 
these changes; the stages of the infusion in which each bacterium is 
most numerous; the pH condition which the metabolism of each 
bacterium induces; and the maximum, minimum, and optimum pH 
for each. Hargitt and Fray (1917) and Phillips have made a very 
creditable beginning on bacterial identification and description. 


SUMMARY 


A study of forty-seven Paramecium multimicronucleaium cultures 
made by boiling varying combinations of timothy hay and wheat 
flour in distilled water and seeding with 200 pure line Paramecia on 
the second day has yielded the following data: 

(a) Cultures experienced a changing pH cycle which was invariably 
quite similar to that shown in Plate 1, if the Paramecia lived. 

(b) The most successful timothy hay-flour medium was made by 
boiling one gram of hay and one tenth of one gram of flour in 700 cc. 
of water for ten minutes. 

(c) Paramecia were observed to live in culture media whose pH 
ranged from 4.83 to 8.31 after the solutions had been violently stirred. 
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(d) As cultures evaporated, the alkalinity increased after the first 
four days. A hydrogen ion concentration of 8.31 was observed in 
infusion 4 when 20 cc. remained of the original 700. This infusion 
had a population of 6000 Paramecia to the cc. at that time, or about 
twelve times the normal dense population. 

(e) Infusions of 7 liters’ volume passed through the same pH cycles, 
but these cycles were considerably retarded as compared with the 
700 cc. infusions. 

(f) The tendency of infusions to kill the Paramecium population 
was associated with a persistence of the extremely acid condition for 
a period of several days, as is shown by Plate 2. This prolonged acid 
condition developed in infusions which were made with too much 
flour, too much hay, or too much of both ingredients. 

(g) The radically changing hydrogen ion concentrations which 
were recorded in successful Paramecium cultures were thought to be 
due at least in part to a changing cycle of bacteria. We plan to try 
to determine what bacteria are responsible for these changes; the 
maximum, minimum, and optimum pH for each bacterium, the stages 
of the infusion in which each bacterium is most numerous; and the pH 
conditions which the metabolism of each bacterium induces. 

(hk) The extreme concentrations of Paramecium which were ob- 
tained in cultures which were covered after. becoming concentrated 
by evaporation, where populations of as many as 2000 per cc. were 
kept for ten days continuously, leads us to question whether excretory 
matter is as toxic to the organism as has been supposed. It seems 
probable that the excretory matter becomes broken down and reor- 
ganized by bacterial and chemical action before it becomes sufficiently 
concentrated to injure the animals. It may be possible that in such 
reactions will be found the explanation of the pH behavior which has 
been reported. 
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GROWTH OF THE THYROID GLAND OF RANA PIPIENS 
IN RELATION TO METAMORPHOSIS 


WILLIAM N. ETKIN 


(From the Laboratories of Anatomy, Histology and Embryology, Cornell University, 
New York and Ithaca) 


An exact study ‘of the relation of the growth of the thyroid gland 
to metamorphosis is essential to an understanding of this process as 
well as of the gland itself. 

Hoskins and Hoskins (1919) reported no marked growth in the 
thyroid of the tadpoles of Rana sylvatica during metamorphosis. 
However, Allen in the same year found considerable growth in Bufo 
thyroids at this stage. In studies on Ambystoma, Uhlenhuth in 1924 
reported a marked growth of the thyroid and a sudden rise in the ratio 
of the cube root of the weight of the gland (reconstruction) to the 
body length at this period, followed later by a decrease in this ratio. 
This diversity in results may probably be due to the difficulty of 
securing an adequate criterion of growth. 

Hoskins and Hoskins (1919) used chiefly methods of histological 
section and of measurement of the dissected organ but made no 
quantitative investigation. Allen’s (1919) conclusions are based on 
measurements of fixed, stained and cleared specimens after dissection. 
In Uhlenhuth’s work (1924) wax reconstructions of the glands were 
weighed. 

Serious objection may be offered against all of these methods. In 
the first place, they fail to differentiate cell proliferation from colloid 
accumulation, and clearly the interpretation of the results depends 
to a great extent on this distinction. The methods of Allen and 
Hoskins and Hoskins are further subject to the criticism that the prod- 
uct of the three diameters of the gland as a measure of its volume is 
precarious in an organ that changes its shape and compactness as does 
the thyroid during metamorphosis. Variations in shrinkage that occur 
in the preparation of the specimen for this method further militate 
against its success. The method of reconstruction, on the other hand, 
is so laborious as to render a sufficient accumulation of evidence very 
difficult. These objections were distinctly realized by Hoskins and 
Hoskins but not overcome. 

The author therefore felt that an adequate quantitative study 


can not make use of any of these methods. The method adopted in 
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the present study was to count the cells in serially sectioned glands 
and determine the colloid volume by the use of a planimeter. This 
is perfectly feasible, since smaller glands involve only a few thousand 
cells and in larger glands not every section need be counted. 


MATERIAL AND METHODS 


Tadpoles of Rana pipiens were used. All specimens were derived 
from the same small pond in the fish hatchery near the campus at 
Ithaca. The identification of the tadpoles was checked by Prof. A. 
H. Wright. 

The tissues were fixed in Bouin’s fluid, sectioned serially at 104 
and stained with hematoxylin and eosin. 

In taking measurements, the body length of the tadpoles was 
taken as snout to anus minus the length of the anal canal. This made 
it comparable to body length in frogs. 

In making the cell counts an Edinger projection machine was 
used, throwing an image of 650 diameters magnification. The colloid 
masses were first outlined, and using this outline as a guide, the cells 
could be easily counted. In the larger sections it was found advisable 
to use a further guide by placing two metal strips upon the image. 
These could be separated, giving a small boxed-off area for counting. 
By bringing the upper strip down into contact with the lower and then 
moving the latter, another area immediately below the preceding 
could be seen. In this way a large section could be accurately counted. 
A constant play was maintained upon the fine adjustment of the 
microscope in order to bring out all planes of the section. In making 
the counts the general rule was followed that where the sections showed 
over 500 cells every fifth section was counted; over 250 every third 
section; over 100 every other section and less than 100 every section. 
It was found that successive sections were so similar in cell count 
except at the extreme tips of the gland that this rule gave sufficient 
accuracy. Successive measurements of colloid mass were not nearly 
so uniform, which may account for the somewhat greater variations 
in these figures. It must be said that the colloid was so vague and 
indefinite in character in some sections of the first stage (stage H) as 
to make an accurate determination impossible. The results for speci- 
men No. 54 were calculated on the basis of only one of the two thyroid 
lobes, since part of the other lobe had been lost. In the graph the 
point for this specimen is therefore recorded as a circle. 

In making the calculation, the figures for the uncounted sections 
were interpolated and the whole added. All calculations were made 
by machine and checked either by repetition on the machine or with 
a slide rule. 
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To test the reliability of this method, three determinations were 
made of the same thyroid lobe. Though for a given section the cell 
counts or colloid volume varied as much as 15 per cent (average about 
five per cent), these variations tended to balance out in the result 
for an entire lobe and therefore the three determinations did not vary 
by more than 2 per cent for either cell count or colloid volume. This 
indicates an accuracy well within the normal range of variation. 

In determining the dry weights given in Table II, the ordinary 
chemical procedure was used with the following added precautions. 
The Stage 2 tadpoles were treated as follows. Their tails were cut off 
and the bodies dissected in the dried and weighed crucible. The 
intestine was removed completely, drained into the crucible and laid 
on paper. By running a needle down for pressure, the entire contents 
could be removed and the intestine then returned to the crucible. 
The instruments were wiped on the crucible cover, and the ordinary 
procedure then followed. Thus only an insignificant amount of tissue 
fluid was lost and the intestinal contents were eliminated. Although 
the intestines of Stage 5 animals were found to be empty, they were 
similarly treated in order to equalize the losses. 


RESULTS 


Table I shows a summary of results and calculations. 
It was found advisable to classify the tadpoles into seven stages 
which may be characterized as follows: 


Stage H: Half-grown tadpoles, body length about 13 mm. and total 
length about 33 mm. At this stage the thyroid cells occur as small 
groups somewhat scattered, usually enclosing a colloid mass. Their 
appearance varies from squamous to low cuboidal. 


Stage 1: Beginning of metamorphosis. Body length about 18 mm. 
Hind legs as buds. Thyroid shows beginnings of definite folliculation. 
Epithelium squamous to low cuboidal. 


Stage 2: Hind legs show growth, are 6-8 mm. in length, body length 
about 23 mm. Follicular nature of thyroid definitely developed. 
Epithelium somewhat higher than in Stage 1. 


Stage 3: Hind legs about 15-23 mm. Forelegs discernible under 
operculum. Body about 23mm. Marked increase in size of thyroid. 
Epithelium cuboidal. 


Stage 4: Hind legs about 26 mm. Forelegs about 10 mm. Body 
length about 21 mm. Transformation of mouth (and intestine) and 
resorption of tail taking place. Further growth of thyroid and dis- 
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tension of follicles with colloid. The epithelium generally cuboidal 
or low columnar. During this stage the tadpole takes no food. 


Stage 5: Metamorphosis recently completed, tail stub noticeable. 
Adult body form. Hind legs about 31 mm. Body somewhat smaller 
than in Stage 4. The epithelium in the thyroid much reduced in 
height, generally to low cuboidal or squamous. 


Stage P: Post metamorphosis. Hind legs proportionately longer 
and body much larger than in Stage 5. These showed considerable 
variation in the height of the thyroid epithelium, some follicles being 
squamous and others cuboidal. 

From Table I it can be seen that the thyroid grows enormously 
in both cell number and colloid volume during this period. Allen 
(1919) has assumed that the growth curve of the hind legs is rectilinear, 
in which case the growth of the gland as given in Table I would be 
essentially a growth curve of sigmoid form, with the period of most 
rapid growth in Stage 3 and periods of less activity before and after. 
It is not necessary, however, to make this assumption to derive the 
essential significance of these figures, for it can be seen that in propor- 
tion to the growth of the animal (as measured by body or hind leg 
length) the thyroid increases greatly and that the major portion of 
this increase occurs during the early growth of the hind legs. It is 
interesting to note that this growth becomes marked coincidently 
with the sudden growth of the hind legs. 

The last column of Table I shows the ratio of the colloid volume to 
cell count. These figures are interesting in that they show a marked 
rise during the early stages of metamorphosis and assume a more or 
less constant ratio in the fourth stage. This might be taken to indicate 
that the thyroid hormone is not of great importance for the early 
stages of metamorphosis since it then tends to be stored, or alternatively 
that the colloid is not simply a storage place for the hormone, but 
rather takes some active physiological réle in preparing the hormone 
for the body. A combination of both factors may operate. 

Evidence for the first explanation is found by calculating the ratio 
of the cell count (or colloid volume) to body length cubed, as is done 
in the seventh and eighth columns of Table l. By dividing the cell 
count (or colloid volume) by the body length cubed, we get a measure 
of the amount of thyroid per unit volume of body. 

However, caution must be observed in interpreting these figures, 
for it is obvious that the body length cubed is a valid measure of the 
amount of tissue only when the shape, proportions and nature of the 
tissues remain the same. This condition is fairly well satisfied by the 
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tadpoles until the beginning of Stage 4. In this stage the tail is 
resorbed and the animal assumes the typical frog shape. This makes 
it impossible to interpret accurately the figures for this stage. 


TABLE I 


Prep-| Stage i Volume 

ara- | of De- | 2°4y Cell | of Colloid 

tion | velop- pe Count mm‘. 
ment : 


Cell Count Vol. Col. Vol. Col. 
(body length)? | (budy length)? | cell count 
xX 1000 xX 1000 xX 1000 


3,528 
17,132 


20,974 
27,788 
21,454 
42,723 


59,028 
58,434 
78,726 
142,346 


72,966 

137,162 

28 131,412 
28 143,582 


31 140,540 
31 109,460 
31 147,092 
35 131,737 
41 96,507 
45 142,431 
51 160,157 
70 | 121,478 | 267,191 


2 
2 
2 
2 
3 
3 
3 
3 
4 
4 
4 
4 
5 
5 
5 
5 


= 


— 
- 


The weight of the animals would be no more satisfactory for, as 
is well known, the animals lose about one half their weight during 
this stage, a loss very largely due to the elimination of intestinal 
contents and of water. This can be seen in Table II, which shows that 
the ratio of dry weight to gross weight more than doubles. Whatever 
may be the significance of the desiccation phenomena revealed by 
these figures, a unit volume or weight of tadpole tissue cannot be 
compared directly to one of frog tissue. The figures for the fifth stage 


and the post-metamorphic animals are, however, comparable. 
19 
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TABLE II 


Stage 2 Stage 5 


Dry Dry Weight Prepara- 510 Dry Dry Weight 
Weight | Gross Weight ; . Weight | Gross Weight 
¥ per cent 


14.6 
13.1 
14.7 
14.3 
15.0 
14.7 


Average 


Keeping these limitations in mind, we see that the amount of 
thyroid (cell number or colloid volume) per unit volume of tissue 
increases but slightly if at all until the hind legs start growing actively. 
It then shows a remarkable rise, reaching a high point three or four 
times the original level at the beginning of resorption of the tail 
(fourth stage). During this stage the behavior of this ratio is prob- 
lematical, but after metamorphosis it suffers an equally remarkable 
loss to about one third its previous value. 


3 4 83 P 


14 206 1S 25 35 45 55 65 MM. 
BODY LENGTH HIND LEG LENGTH 


Fic. 1, Ratio of cell count to the cube of the body length plotted against body 
or hind leg length. 
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These relationships are clearly shown in the graph, Fig. 1, in which 
the ratio of cell count to body length cubed is plotted against the body 
or hind leg length. It is necessary to use body length as abscissa in 
the first part of the curve, for the hind legs are then but buds, whereas 
later the hind legs furnish the only adequate measure of the degree of 
development. This break in the abscissa (shown in the figure by the 
heavy vertical line) is not of great importance as the ratio remains 
practically the same until the period of the growth of the hind legs. 

Since the thyroid is embryonic in structure before metamorphosis, 
its functional importance in the tadpole is probably small. After the 
beginning of metamorphosis, the amount of thyroid per unit of body 
rises, indicating an increasing importance. As the last stage of meta- 
morphosis, that characterized by resorption phenomena, shows the 
highest ratio, it seems probable that the thyroid is of special importance 
in this stage. The subsequent decrease of this ratio in the frog 
further indicates the importance of the thyroid to the events that take 
place in the fourth stage. 

Further evidence for this conclusion is seen in the fact mentioned 
above that the epithelium is highest during the fourth stage. 

Furthermore, it should be noted that the growth of the colloid is 
essentially like that of the cell number and at no time is any loss of 
colloid apparent. 

SUMMARY 


A quantitative study of the growth of the thyroid gland in relation 
to metamorphosis reveals the following facts: 

1. The number of cells as counted in serial section shows an enor- 
mous increase during this process. The major part of the increase 
occurs between the time the hind legs start active growth and the 
beginning of the resorption of the tail. 

2. The colloid volume behaves in a similar manner, at no time 
showing a sudden decrease. 

3. Calculations of the ratio of cell number (or colloid volume) to 
the cube of the body length show that the number of cells (or colloid 
volume) per unit tissue rises but little before the beginning of the active 
growth of the hind legs. From then until the beginning of tail 
resorption its value more than triples. After metamorphosis has been 
completed, this ratio is reduced by about two thirds. 

4. The ratio of the cell count to the colloid volume is found to 
increase four or five times from the half-grown tadpoles to the time of 
tail resorption. After this it tends to be constant. 

These facts are interpreted as indication that the principal im- 
portance of the thyroid in metamorphosis is for the latter stages when 
the tail is being resorbed. 
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NEW PHYSIOLOGICAL STUDIES ON CARDIAC MUSCLES 
OF INVERTEBRATES 


IV. THE ELECTROCARDIOGRAM OF LIMULUS POLYPHEMUS 


M. DUBUISSON 


Tue Marine BroLocicaL LaBoratory, Woops Hoieg, Mass, 


The electrocardiogram of Limulus has been studied by Hoffmann 
(1911, 1922) and Nukada (1918). Both were working on excised and 
empty hearts. The diagrams published by Hoffmann show a mono- or 
polyphasic action current with very irregular oscillations. According 
to Hoffmann, the oscillatory character of the electrocardiogram of 
Limulus demonstrated the tetanic nature of the heart beats of this 
arthropod. According to Nukada, these irregular oscillations are 
shown by fatigued hearts. The electrocardiograms of fresh animals 
show only polyphasic variations that may correspond to the R, S and T 
oscillations of the vertebrate heart. But, according to Hoffmann, 
(1922) Nukada’s diagrams are not demonstrative, as they all show a 
varying number of oscillations both irregular and complicated. 

Edwards (1920) has taken electrocardiograms of Limulus, in order 
to measure the velocity of conduction of the contractions of the Lamu- 
lus heart. He has published these action currents, but without inter- 
preting his results. It is quite obvious that his diagrams are not 
oscillatory. I have worked in Woods Hole on the action current of 
the Limulus heart, and I have taken special care to vary as much as 
possible the conditions of the experiments. 


A. In the first series of experiments I worked on hearts in vivo and 
in situ. In order to expose the whole length of the heart I cut the part 
of the dorsal tegument which covers that region. 

In this condition and if the Limulus is firmly attached to a strong 
and isolated stand, the oscillograms often showed not only the action 
current from the heart, but also action currents from other muscular 
motions. But after a while the Limulus gets tired, and then it is possi- 
ble to get electrocardiograms without other disturbances. 

The diffuse electrode is composed of a silver rod placed in the dorsal 
cephalothoracal muscles, for the recording of the electrocardiogram 
of the whole heart, or placed between the digestive tracts and the 
heart segment, for the recording of the action current of this region. 
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Fics. 1-5, In all the records, A and T are positive, Q, S and T’ negative de- 
flexions of the action current. 

1. Electrocardiogram from second segment of Limulus heart. The active 
electrode has been sutured on the cardiac muscle. Rhythm: 11 per minute. 

2. Ibid from another heart. Subject not motionless. Rhythm: 19. Same 
velocity as in Fig. 1. 

3. Ibid for another heart. The active electrode has not been sutured on the 
cardiac muscle. Rhythm: 17. 

4. Ibid of fourth segment from another heart. Same conditions as in Fig. 3. 
Rhythm: 17. 

5. Ibid from fifth segment from another heart. Subject motionless; the active 
electrode has been sutured on the cardiac muscle. Rhythm: 17. 
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The active electrode is composed of a small silver wire which is 
placed on the cardiac muscle or hooked into this tissue. 

My first records gave variable results: some were similar to those 
obtained by Hoffmann, others to those of Nukada or Edwards. But 
the comparison of these different curves showed plainly that the 
irregular oscillatory character of some electrocardiograms resulted: 
for some, from the interference of skeletal muscle action currents, and 
for others from the fact that the electrodes, and especially the active 
silver wire, moved slightly during each contraction. 

Figure 2 represents the electrocardiogram of the second segment 
of the Limulus heart. But it shows also, besides the proper electro- 
cardiogram, some accessory oscillations which take place before, 
during and after the heart contraction, (interference of skeletal muscle 
action current) and which make difficult the interpretation of the 
curve of the heart. It is possible to recognize, nevertheless, 
first a quick and short deflection Q, then two others, R and S, of greater 
amplitude and longer duration. They are followed by a greater and 
longer deflection, T, positive as R, and another one, 7’, in the opposite 
direction. 

Figure 3 represents an electrocardiogram of the same cardiac 
segment of another Limulus. This experiment gives also complicated 
oscillations, but only during the polyphasic curve, and not before nor 
after. But in this case the active electrode was not attached to but 
merely lying on the heart muscle, and certainly was moving slightly 
during the contraction. 

Figure 4 is taken under the same experimental conditions as Fig. 3, 
but on the fourth segment of a new heart. We can recognize the R, 
S, T, and T’ deflections. 

Figure 1 shows an electrocardiogram of the second segment of a 
heart of a Limuius, which did not move during the recording. The 
active electrode had been sutured on the cardiac muscle by means of a 
very small thread. We recognize in this diagram the R and T deflec- 
tions without the other and complicated oscillations. 

Figure 5 is taken from the fifth cardiac segment of another Limulus, 
quite motionless. The active electrode had been sutured as previously. 
We still recognize R and T deflections, without oscillatory character. 

These experiments show that if the muscular motions of the animal 
or the bad fixation of the electrodes do not complicate the cardiac action 
current, this action current is only composed of a small number of deflec- 
tions. 

A careful study of the electro-cardiogram has given the following 


relations between the different deflections of the polyphasic action 
current: 
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TABLE I 


Total 
Rhythm] Dura- 
T’ wave per tion Obser- 
o mo. Min- of the | vations 
ute Waves 
ing 


36 | 0.08} 108} 0.50} 108) 0.28) 1800 | 0.64) 840] 0.01) 19 2052 (1) 


180} 0.15} — | — | 1740 | 0.72) 600} 0.02) 11 1920 (2) 


(1) Electrocardiogram segment 2 in vivo.—Very strong beats. 
(2) Electrocardiogram segment 2 in vivo.—Strong beats. 


The two electrocardiograms studied above correspond to Figs. 
1 and 2. These show: 


1. For animals with vigorous hearts, three fast deflections Q, R and 
S, analogous to those of vertebrate heart, a slow deflection 7, located 
on the same side of the base line as R, and following with an opposite 
deflection 7’. 

2. Weak hearts show only the R, T and 7” deflections. 


B. In a second series of experiments we have been working on 
heart in vitro. The heart was fixed on the cork bottom of a basin 
which contained just enough sea-water to immerse the heart. The 
electrodes, composed of two silver rods, were vertically fixed in the 
cork, at a few mms. on the left and right side of the heart, in order to 
avoid any contact between the two at any moment of the cardiac beat. 
This disposition gives very good and constant results. The electro- 
grams I obtained were the same for each segment of a definite heart. 
Figure 6 shows an electrogram of the fourth segment of a heart placed 
in sea-water. We get two deflections, R and 7, without irregular 
oscillations. 

Figure 7 represents the electrogram of the fourth segment of the 
same heart, after a stay of 40 minutes in sea-water; Fig. 9 after a stay 
of 140 minutes. In all these electrograms we find R and T and, if 
we look with a magnifying glass, we may find Q and S, but never any 
irregular oscillations. 

Figures 8 and 10 represent total electrograms of two other hearts 
that had been immersed for 60 minutes in sea-water. 

All our electrograms of normal hearts immersed in sea-water are 
always free from irregular oscillations. The polyphasic action current 
is only composed of the deflections R and 7, or Q, R, Sand T, that we 
have found already in normal in situ electrocardiograms. 
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Fics. 6-10. Symbols as in Figs. 1-5. 

6. Electrogram of fourth segment of Limulus heart beating in sea-water. 
Electrodes placed in the medium. Rhythm: 18. 

7. Ibid, beating in sea-water for 40 minutes. Rhythm: 15. 

8. Total electrogram of a heart beating for 60 minutes in sea-water. Electrodes 
placed in the medium. Rhythm: 4. 

9. Ibid from fourth segment of same heart as in Figs. 6 and 7 beating in sea- 
water for 140 minutes. Rhythm:4. M = myogram. 

10. Same as in Fig. 8. M = myogram. 


The following table shows the comparative variations of these 
different deflections for a definite heart, after it has been immersed in 
sea-water for varying lengths of time. These experiments correspond 
to Figs. 5, 6, 7 and 9. 
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TABLE II 


Obser- 
vations 


Fig. 5 


40 |—| — 
Fig. 6 


40 | 42| 0.02] 420} 0.06] 400] 0.03] 1200 
Fig. 7 


40 | 120} 0.01) 450) 0.05] 750} 0.01) 780 
Fig. 9 


(1) Electrocardiogram segment 4 in vivo.—Strong beats. 

(2) Electrogram segment 4 of the same heart, beating in sea-water. 

(3) Electrogram segment 4 of the same heart, beating in sea-water for 40 
minutes. 


(4) Electrogram segment 4 of the same heart, beating in sea-water for 140 
minutes. 


We can see that R and T are present in all cases; Q and S appear 
only after the heart has been in sea-water for at least 40 minutes. 
When the heart becomes tired, especially in sea-water, the electro- 
grams are modified as follows: 

1. The R deflection becomes longer (from 132¢ to 450c). When 
Q and S are present, they show analogous variations. 

2. The R deflection has a minor amplitude (from 0.13 millivolts 
to 0.05 millivolts). When Q and S are present, they show analogous 
variations. 

3. The T deflection is shorter (from 1650¢ to 780c). 

4. The T deflection has a minor amplitude (from 0.07 to 0.01 
milliv.). 

5. The total duration of action current becomes greater (from 
17820 to 2250). 

These observations enable me to conclude that when the heart 
becomes tired, especially in sea-water, the deflections of the action 
current show a minor amplitude, while the complex Q, R, S becomes 
longer and T shorter. 


C. In some of my experiments I have recorded simultaneous 
action current and heart contraction of a specific part of the heart. 
In all these records I always saw: 
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1. That the T deflection of the electrocardiogram takes place at 
the same time as the systole of the heart: 

2. That the hearts with slow systoles of great amplitude give a 
longer T deflection, of great amplitude also. 

3. That the T deflection has a minor amplitude and a shorter 
duration when the cardiac systole is faster and shorter. 

Thus, the T deflection of the electrocardiogram of Limulus represents 
simultaneously and proportionally the cardiac muscle activity. 

In a great number of electrocardiograms, the T deflection takes 
place simultaneously with the cardiac systole and ends with it. But 
in others, the T deflection follows immediately, without rest period, 
the S deflection, and its amplitude is often so small that it is nearly 
impossible to locate exactly its beginning or its end. 


SUMMARY AND CONCLUSIONS 


The electrocardiogram of Limulus has no oscillatory character in 
normal conditions. Irregular oscillatory deflections are. observed 
when the Limulus is not motionless, or when the electrodes are not 
fixed in such a manner that they could move slightly during the heart 
beats. 

The electrocardiogram of Limulus polyphemus is composed of a 
series of deflections analogous to the ones that we already know for 


the vertebrate heart. For that reason, we have indicated these differ- 
ent deflections by the same letters: Q, R, Sand T. We have called 
T’ an accessory and not always present deflection that follows T. In 
the action current of the heart of Limulus, R and T are always present; 
Q and S appear only for vigorous hearts or for hearts with a considera- 
bly diminished activity. 

Fatigue, especially when experiments are carried on in sea-water, 
modified the aspect of the electrocardiogram in this way: that the 
complex Q, R, S and T shows a diminution of amplitude, while Q, R, 
and S are longer and T shorter. 

The T deflection is synchronous with the heart systole; in most 
cases it begins and ends with it. The amplitude and duration of T 
deflections are proportional to the amplitude and duration of the sys- 
tole. 

The Q, R, and S deflections always take place before the contrac- 
tion. I think they represent electric discharges in the muscle prepara- 
tory to the contraction. These preparatory discharges are smaller 
in amplitude and slower in time in tired hearts than in fresh prepara- 
tions. 
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METHODS FOR THE CULTIVATION OF 
CATTLE CILIATES 


SYDNEY MARGOLIN 
(From the Department of Zodlogy, Columbia University) 


The problem of cultivating cattle ciliates in artificial media has 
attracted almost every worker who has concerned himself with either 
the physiology of ruminant digestion or the general morphology of 
these exceedingly interesting Protozoa. In general the nature of the 
problem did not necessarily warrant an empirical approach. The 
diet and its chemical structure, and the fact that the physiology of 
cattle was reasonably well known, all pointed to a type of medium 
easily evolved and maintained. 

As a result, the earlier workers, Coste (1864), Edwards (1864), 
Pouchet (1864), and others, used various kinds of hay infusions, but 
with no success. The later workers, Fiebiger (1923), Becker and Tal- 
bott (1927), taking into account their natural habitat, suggested that 
the Infusoria might require more complex media containing various 
proteins and their derivatives. Knoth (1928), however, devised a 
unique medium that came nearest to success. Into suction flasks 
containing his hay infusions he introduced a mixed atmosphere of 
carbon dioxide and methane in proportions of 65 and 35 per cent 
respectively. The pH was kept as near to 6.8 as possible, and mag- 
nesium oxide was used to neutralize the fatty acids produced. Some 
of his Infusoria lived for 107 hours in a medium thus prepared. 

It has been known for some time that the cellulose derived from 
grains and grasses constitutes a large part of the ruminant’s diet. 
Schuberg (1888), Certes (1889), Eberlein (1895), Leibetanz (1910), 
Braune (1913), all observed the ingestion of plant fibres by cattle 
Infusoria. They therefore concluded that these ciliates were capable 
of digesting cellulose. In fact, Certes (1889) stated that these Proto- 
zoa control the cellulose fermentation, and are capable of storing gly- 
cogen. 

But it is by no means agreed that these Infusoria take part in the 
cellulose digestion by the host. Biederman (1911), and Scheunert 
and Schillbach (1927), believe that these parasites are commensals. 
No worker, however, has proven intracellular digestion within the Infu- 
soria. In discussing the utilization of ingested particles, Becker, Schulze, 
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and Emmerson (1930) wrote, ‘When this phase of the problem is re- 
studied, appropriate tests should be used to determine definitely that 
the elements reduced are true cellulose. It is possible that certain 
plant elements undergo disintegration, while others do not.”’ 

A most important and generally agreed on fact is the ability of 
bacteria to digest cellulose. Omelianski (1902, 1904), described two 
types of cellulose-splitting bacteria, one of which carries the break- 
down to hydrogen and the other to carbon dioxide and methane—all 
of these gases being present in the rumen. Kellerman and McBeth 
(1912), claiming that Omelianski’s cultures were impure, isolated thirty- 
six active species, all of which rapidly decomposed cellulose with forma- 
tion of organic acids but no gases. The acids described, acetic, lactic 
etc., have been demonstrated in the rumen. Reichenow (1927) dis- 
cussed the possible importance of bacterial activity in cellulose diges- 
tion by ruminants. Woodman and Stewart (1928) isolated a bacillus 
from manure piles which actively fermented cellulose. But the decom- 
position products such as the acids and the gases, are of little value to 
the ruminant. The gases are excreted as waste, and the acids which 
may be metabolically useful to the bacteria are reduced and excreted 
in turn. 

Therefore in order for cellulose decomposition to be useful to the 
host, the cellulose molecule must undergo hydrolytic cleavage to the 
soluble and nutritive dextrose molecule. There are certain cytases 
capable of effecting this hydrolysis, but none has been demonstrated 
in the alimentary tracts of higher animals. 

According to Pringsheim (1912), bacterial digestion of cellulose 
gives rise to an intermediate disaccharide, cellobiose, which bears the 
same relation to cellulose that maltose does to starch. Cellobiose 
splits into two molecules of glucose when acted upon by a cellobiase. 
Hence this equation: 

Bacterial digestion of cellulose— 

Cellulose——Cellobiose (glucose—b—glucoside) Dextrose. 

Enzymes on starch— 

Starch——Maaltose (glucose—a—glucoside) Dextrose. 

The analogy between the two digestion processes is apparent. 

Since no cellobiase has been demonstrated in ruminants, further 
reduction to dextrose is probably brought about by the bacteria them- 
selves. 

It was necessary then to devise media containing cellulose which 
was undergoing hydrolysis somewhat in accordance with the systems 
described above. In accordance with this hypothesis, the following 
media were devised and used successfully: 
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Peptone. .. 


The whole was boiled until solution resulted, then tubed and steri- 
lized in the autoclave. The pH was adjusted to 6.8 with a solution of 
sodium bicarbonate by means of colorimetric standards. 

On these slants two kinds of fluid covers were used: 


(1) 10 cc. of a mixture of equal parts of a dense hay infusion and saline 
citrate, to which was added a few shreds of pulped Whatman’s 
ashless quantitative filter paper. 

(2) 5 cc. of starch solution, and 5 cc. of the following mixture which was 
devised for Woodman and Stewart (1928) for the cultivation of 
cellulose-splitting bacteria. 


Calcium carbonate 
Sodium phosphate. . 
Ammonium sulphate . 
Potassium chloride 
Tap water... 


In both (1) and (2) the pH was kept as near 6.8 as possible and mag- 
nesium oxide was added to neutralize the acids formed by bacterial 
action. The bacterial growth was énormous and the pH changed so 
rapidly that subculturing was necessitated every day. All of the 
cultures were incubated at 37° C. 

The most successful and really amazing growth took place in the 
following two media: 


(3) To a 200 cc. Erlenmeyer flask was added: 


Dense hay infusion 

Saline citrate 

Rice starch 

Magnesium oxide 

Pulped filter paper (Whatman’s) 


(4) To a 200 cc. Erlenmeyer flask was added: 


Dense hay infusion 
Rice starch 
Magnesium oxide 
Pulped filter paper 
Inactivated beef serum 


These media were incubated for two days at 37° C. and the pH adjus- 
ted to 6.8. 


An infusion of bacteria from a successful agar culture number (1), 
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was added. The media were again incubated until it was apparent 
that the pulped filter paper was attacked by the bacteria. This was 
evident when after about twenty-four hours the paper became brown. 
The now ready media were inoculated directly with Protozoa from the 
contents of the cow's rumen, which in this case contained Diplodinsum, 
Entodinium and Isotricha. After three days the cultures were teeming 
with the Protozoa. 

Medium number (3) proved superior in that subculturing was not 
required until the fourteenth day, whereas number (4) necessitated 
subculturing within five days. 

On the sixteenth day no moving forms were detected in number (3), 
but on readjusting the pH to 6.8 (the pH had fallen below six) and 
adding 25 cc. of saline citrate and 0.5 gram of pulped filter paper, many 
active Protozoa were observed after five days. This is an exceedingly 
interesting occurrence and it furnishes the basis of an investigation 
on the possibility of encystment of cattle ciliates. The four cultures 
described above were maintained for twenty-four days, after which 
they were permitted to degenerate. 

The success of these cultivation experiments opens the path to a 
variety of investigations. First, there is the possibility of symbiosis 
between the ciliates and bacteria, since in these cultures at any rate, 
the bacteria were necessary in order to hydrolyze the cellulose. Sec- 
ondly, it throws light on the relation of the Protozoa to the cattle host. 
These ciliates apparently subsist on some product evolved in the proc- 
ess of cellulose fermentation. Therefore, they are, in a certain sense, 
food robbers, and thus injurious to their host. Thirdly, a study of the 
physiology of the cattle ciliates. Fourthly, a study of the life histories 
of the various ciliate forms present in the rumen, and the influence of 
artificial media as compared with the natural parasitic habitat.' 
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BIOLOGICAL ASPECTS OF ULTRASONIC WAVES, 
A GENERAL SURVEY 


E. NEWTON HARVEY 


(From the Loomis Laboratory, Tuxedo Park, N. Y., and the 
Physiological Laboratory, Princeton, N. J.) 


Since the first description by Wood and Loomis (1927), of phe- 
nomena connected with high frequency, high intensity sound waves, a 
number of workers have investigated more fully the physical, chemical 
and biological effects of these supersonic or ultrasonic vibrations. Thus, 
Harvey and Loomis (1928) described a low power apparatus for 
direct observation of the effects on cells under the microscope, and 
Harvey, Harvey and Loomis (1928) continued these observations in 
more detail. Schmitt, Olson and Johnson (1928) and Schmitt (1929) 
have described methods of leading the vibrations to an isolated cell by 
means of a microneedle, together with the changes produced. Harvey 
and Loomis (1929) have described the destruction of luminous bac- 
teria, and Harvey (1929) the stimulating effect on muscle and nerve 


tissue. Richards and Loomis (1927), and Richards (1929) have dealt 
with the chemical effects, as have also Schmitt, Johnson and Olson 
(1929). Boyle and his co-workers as well as Richards have described 
a gauge for measuring supersonic intensity. The general methods of 
producing supersound waves are described in the above papers. 

The biological effects of these sound waves may be grouped in five 
categories : 


(1) Whirling of the protoplasm. 

(2) Displacement of small particles. 

(3) Cytolysis of cells. 

(4) Disintegration (emulsification?) of small bodies like chloroplasts. 
(5) Stimulation of cells. 


Such changes are simply the expression in cells of more general 
physical and chemical phenomena in liquid media, especially noticeable 
because of the high intensity and small wave length of ultrasonic waves. 
They may be classed as follows: 


(1) Heating of media which absorb the waves. 
(2) Movement of particles into nodes of standing wave patterns, and 
radiation pressure. 
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(3) Flocculation (or movement into large aggregates) of particles 
above a critical size. 

(4) Dispersion at liquid-gas, liquid-liquid and liquid-solid interfaces. 

(5) Expulsion of gases or vapors from solution (cavitation). This 
results in a lowering of the boiling point of pure solvents and a 
discharge of sensitive metastable superheated or supersaturated 
liquids. 

(6) Compression and expansion of media through which the sound 
waves pass, reaching a maximum in nodes (minimum movement) 
of standing wave systems and a minimum in internodes (where 
movement is at a maximum). 

(7) Acceleration of chemical reactions. 


1. Heating of Media and Electrical Field 


In regard to the heating of media carrying sound waves, we may 
distinguish two phenomena: (1) Heating of media due to absorption 
of sound waves. This effect is not large measured as an average 
rise in temperature of 10 cc. of water in a test tube, and can be counter- 
balanced by cooling the fluid with coils carrying cold water. (2) Local 
heating at interfaces in rapid vibration, where thermal conduction is 
poor, as when the test tube is held between the fingers. The tube feels 
quite hot because of the frictional heat developed, but actually the tube 
rises only slightly in temperature when not vibrating against a frictional 
surface. The question arises as to whether cells or particles suspended 
in fluids might not locally rise considerably in temperature due to local 
friction. Because of the rapid stirring of cells and particles in water 
and their small size which would facilitate thermal exchange, it does not 
seem likely that they could rise locally more than one degree above the 
average temperature of the water. Small crystals of ethyl stearate, 
melting at 30-31° C., do not show signs of surface melting when sus- 
pended in water at 28° C. and subjected to supersonic vibration. I 
feel quite certain that none of the phenomena, especially biological 
effects, can be connected with local heating of the cells, if proper pre- 
cautions are taken to reduce the average temperature of the liquid. 

A confusing phenomenon of heating results from the proximity of 
the media carrying sound waves to the high frequency electrical field. 
Richards and Loomis (1929) have studied this heating effect, which 
depends on the frequency and the conductivity of the solution, showing 
a maximum at the frequencies used to produce supersound waves, 
around M/10000 NaCl. The effect can be completely eliminated by 
grounded shielding of the medium. The oil about the crystal becomes 
heated and this heat is conducted to the test tube touched to the oil. 
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Many control experiments, which need not be restated, have shown 
without question that no effect of the high frequency electrical field other 
than the heating effect has any influence in biological phenomena. 


2. Radiation Pressure and Standing Wave Patterns 


The radiation pressure of the sound waves and the appearance of 
interference patterns and standing wave systems is undoubtedly re- 
sponsible for the movements and distribution of particles, whether sus- 
pended in fluids in test tubes or in living cells. 

The radiation pressure is greatest where a wave is reflected from 
a surface in a standing wave system and is observed in the movement 
upward of relatively large bodies like Elodea leaves in a test tube 
through which supersound waves are travelling. The whirling move- 
ments of particles in cells are due to radiation pressures of different 
intensity over different regions of the tissue. The explanation of such 
phenomena depends on a knowledge of the wave pattern, which is often 
extremely complex, but which presents no unusual peculiarities. The 
quartz crystal itself does not vibrate uniformly, but its surface shows 
a complex pattern of moving and stationary regions which may be 
observed by a modified interferometer, i.e., the amplitude of its move- 
ments is of the order of wave-lengths of visible light. 


3, 4, 5. Flocculation, Emulsification and Cavitation 


Flocculation, emulsification and cavitation, especially in relation to 
the destruction of cells by cytolysis, present some interesting, indeed 
anomalous peculiarities. It is such effects rather than any chemical 
action which make supersound waves biologically active. 

Johnson has shown that Protozoa (Stentor, Spirostoma, Blepharisma 
and Paramoecium) and red blood corpuscles are not destroyed by super- 
sonic radiation, if the dissolved gases are removed by evacuation from 
the water containing them, or if an increased pressure (of approxi- 
mately 60 Ibs. per sq. in.) is applied to the vessel by connecting it to a 
compressed oxygen tank. Schmitt and Uhlemeyer (1930) have con- 
firmed this work. Displacement of the dissolved air by a very soluble 
gas, CO,, likewise prevents destruction, but blood corpuscles are laked 
if the air is replaced by H, or N, at atmospheric pressure. In all cases 
destruction is associated with the expulsion of dissolved gas (cavitation) 
from the fluid. If no cavitation occurs, the cells mass in the nodes 
of standing wave patterns in the tube and are quite unharmed. 

I have also beén able to confirm these observations in all particulars 
and in addition to show that the statement applies to other organisms 
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such as Euglena, Colpidium, Spirogyra, Nitella, small fish, tadpoles, 
and Arbacia eggs, and also to flocculation of particles (coal, glass, sul- 
phur, marble dust) of a certain critical size and to emulsification of 
toluol and water, but not to the emulsification of mercury and water. 

The flocculation of coal and other particles is easily understood. 
With gas in solution, cavitated gas bubbles, to which the coal particles 
stick, are forced by radiation pressure into a clump. Without gas the 
coal particles are too small for radiation pressure (which depends on 
the reflection of waves from a surface) to force them together. Too 
large particles fall so rapidly that flocculation is hard to observe, even 
if gas is present. Too small particles will not flocculate with gas 
present because they do not stick to the gas bubbles, and they do not 
collect in standing waves in absence of gas because Brownian movement 
counterbalances the radiation pressure against so minute a surface. 

If the hydrostatic pressure is increased to 12 lbs., no cavitation 
occurs and no flocculation of charcoal particles. This shows the im- 
portance of cavitation in supplying gas for aggregation of charcoal. 
On the other hand, if we form small bubbles of hydrogen from amal- 
gamated aluminum in water containing charcoal particles, we can 
observe aggregation of charcoal and gas bubbles at 40 lbs. pressure, 1.e., 
at any pressure which will allow the evolution of hydrogen from the 
Al surface. Gas bubbles, if present, can be aggregated whether or not 
they are formed by cavitation. 

The flocculation of air bubbles alone can be beautifully shown by 
the following device. A tube is prepared of the shape shown in Fig. 1, 
having a rubber stopper carrying a small bacteriological filter in one 
end. The closed side tube is touched to the oil over the vibrating 
crystal. After filling with soap solution, by forcing air through the 
bacteriological filter very minute bubbles rise gradually with quite con- 
stant velocity to the surface of the soap. If supersound waves are 
now passed into the closed end of the side tube, they spread both up 
and down from the junction with the main tube and instantly force the 
minute bubbles together into one or more irregular masses. The bub- 
bles do not fuse, since they are surrounded by a soap film, but imme- 
diately spring apart when the supersonic radiation is discontinued. 
The appearance is that of a whitish mass of material bursting into starry 
bubbles. With water instead of soap solution in the tube, the bubbles 
fuse completely to form large bubbles, and this effect takes place at 
the very surface of the filter candle, where much larger bubbles form 
while the sound waves are passing in than when they are not. Floc- 
culation of air bubbles makes a very sensitive means of detecting super- 
sonics. Mere touching of the side tube to the glass dish of oil con- 
taining the vibrating crystal is sufficient to cause flocculation. 
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The above effects can also be readily observed with other gases. 
Hydrogen, forming at the surface of Al amalgam in water, is floccu- 
lated at the moment of formation by the supersonics. As already 
stated, increasing the pressure does not prevent the flocculation of 
hydrogen gas. 

Emulsification, which is due to cavitation, and the cytolysis of cells, 
especially the laking of blood corpuscles, present many characteristics 
in common. Since the laking of blood corpuscles lends itself to quan- 
titative treatment, most of these studies have been made with a suspen- 


Cl_A) 


cr 
Fic. 1. ° Tube for studying flocculation of air bubbles. 


sion of unwashed turtles’ corpuscles containing about 4 « 10° corpuscles 
per cc. in .65 per cent NaCl in tap water, which will be referred to as 
blood. A test tube filled with this dilute blood presents the silky ap- 
pearance due to the optical effect of disk particles and so scatters light 
that the filaments of an incandescent lamp run at reduced voltage can- 
not be seen through the blood corpuscle suspension. As laking proceeds 
and more and more corpuscles are destroyed, the filaments first become 
visible when about 80 per cent of the corpuscles are destroyed, after 
8-20 seconds raying, depending on the conditions of the experiment. 
Finally all corpuscles are destroyed and microscopical examination 
shows only nuclei left floating in the fluid. The end point for begin- 
ning of appearance of the filaments is very sharp under constant con- 
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ditions, and reproducible to within one-half second with similar samples 
of blood (Jacobs, 1930). The time naturally depends upon the sound 
density within the tube, a quantity which is extremely difficult to meas- 
ure, since longitudinal waves are passing up the tube from the bottom 
and transverse vibration entering from the glass walls. Richards’ 
funnel gauge gives the best measure of the intensity of longitudinal 
wave systems in a small tube, but does not record the transverse 
vibrations, which are very strong. In fact, I am not prepared to give 
absolute values for sound density, nor even relative values and can only 
say that the radiation is very strong, strong, medium, weak, and very 
weak, from the settings of a rheostat which controls the filament and 
plate circuit of the oscillating tubes. The oscillator was the two 
kilowatt outfit constructed by Wood and Loomis and the quartz crystal 
a disk 6.5 cm. in diameter and 7 mm. thick with a natural frequency of 
338 kilocycles, oscillating in oil. Later experiments were carried out 
with a 4 kilowatt full wave rectification oscillator at a frequency of 


4/0 V. AC. 
60 ~ 


uv 1651 


Fic. 2. Electrical circuit of high frequency oscillator for producing supersonic 
waves. 


600 kilocycles, the crystal immersed in kerosene. The electrical circuit 
is illustrated. in Fig. 2. This change in frequency is not associated 
with any change in the phenomena. 

Perhaps the time for laking may be regarded as a good measure of 
the sound density, but in the absence of direct comparison by some 
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physical method, one cannot be certain of this criterion. At least time 
of laking depends, with the same blood concentration and oscillatory 
field, on the material (whether glass, quartz, thin rubber, dry collodion, 
or metal), volume and shape of the container, thickness of its walls, 
nature of the bottom (whether round, flat, a thin diaphragm of metal, 
etc.), distance from the crystal, and temperature. In the following 
experiments only one of these factors was varied at a time. 

While laking of red blood corpuscles is undoubtedly connected with 
the cavitation of dissolved gas, there are two points which I believe 
Johnson did not unequivocally establish. First, the part which traces 
of cavitated oxygen might play in chemically producing haemolysis. 
Second, the protection which might be afforded corpuscles, which always 
collect in beautiful standing wave patterns in absence of cavitation and 
in absence of the disturbing movements which accompany cavitation. 

Most chemical reactions accelerated by supersound waves are oxida- 
tions. Schmitt, Johnson, and Olson (1929) find that iodine is liberated 
more rapidly from KI in presence of dissolved oxygen by supersound 
waves and that the effect disappears above about 65 lbs. oxygen pres- 
sure, where no visible cavitation occurs. To determine whether cor- 
puscles will lake in complete absence of oxygen two types of experiments 
were carried out. 

Blood suspension in Ringer’s solution, after two hours’ bubbling of 
hydrogen, previously passed over red-hot platinized asbestos in a quartz 
tube and led to the experimental tube through lead tubing, laked rapidly 
with supersonic raying, due to the dissolved H,. No trace of oxygen 
was present in this hydrogen. Secondly, blood to which a small amount 
of Na,S,O, had been added to absorb the oxygen, colorless reduced 
indigodisulphonate acting as an indicator for oxygen, laked rapidly in 
supersonics due to the nitrogen it contained. Certainly traces of oxygen 
can play no part in the laking of blood. 

In regard to the second point, the following may be stated. Both 
reduction of pressure by evacuation and consequent removal of gas, 
and also increased pressure prevent cavitation. If blood is partially 
evacuated and rayed under the reduced pressure, some cavitation of gas 
under reduced pressure occurs, but commotion within the tube is not 
great. However, the movement of this gas breaks up the standing 
waves, but the corpuscles are not destroyed. If atmospheric pressure 
is returned over the blood no cavitation is apparent, beautiful standing 
waves form, and of course the corpuscles also remain unharmed. 
Cavitation of gas under reduced pressure does not harm the corpuscles. 

One might suppose that laking failed to occur because the corpuscles 
were not violently moved by cavitated gas bubbles in and out of the 
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nodes. Accordingly, a small motor stirrer was mounted in a vacuum 
tight brass chamber having a glass tube sealed to it with de Khotinsky 
cement in such a way that blood, placed in the test tube, could be 
evacuated and stirred very vigorously while evacuated. The experiment 
showed that whereas blood containing air laked in 20 seconds, blood 
without air (evacuated to 71 cm. negative pressure) did not lake in 6 
minutes even though rapidly stirred the whole time that sound waves 
were passing through it. The stirrer pulls down rarified air bubbles 
from the surface of the blood, that are flocculated by the supersonics. 
It is a question, however, whether this stirring produces an agitation 
comparable with that accompanying marked cavitation. 

The stirring and break-up of standing waves can also be effected 
by rapidly changing the tuning by rotating the variable condenser, but 
this method of rather gentle electrical stirring does not cause laking of 
the corpuscles, provided dissolved air is absent. It is, therefore, not 
the collection in nodes that prevents laking in absence of dissolved gas. 

A similar fact can be demonstrated using the tube of Fig. 1 and in 
addition the fact that already formed air bubbles together with sound 
waves have no destructive effects. The tube is filled with blood and a 
rubber stopper with a stopcock placed in the upper open end (lower 
stopcock closed) so that the whole can be freed of air by evacuation. 
If sound waves are now passed up the side arm, beautiful standing wave 
patterns appear. and no laking occurs in 3 minutes, although a similar 
amount of blood containing air lakes in 50 seconds. Atmospheric 
pressure is now returned above the blood and fine bubbles of air caused 
to rise through A and B by opening the lower stopcock, disturbing the 
standing waves in A and B, but which are still apparent in C. How- 
ever, no laking occurs until 234 minutes, when (presumably) enough 
air has been dissolved to permit laking in A and B, but no laking occurs 
in C, despite the fact that sound waves entering A and B must first pass 
through C.. The standing wave system remains intact in C. 

As it can be shown that blood corpuscles do not lake when a suspen- 
sion saturated or supersaturated with air is suddenly evacuated, result- 
ing in all stages of cavitation of bubbles without sound waves, and it is 
also true that bubbles plus sound waves do not lake provided very little 
gas is dissolved, I conclude with Johnson that laking is connected with 
the initial separation of the gas phase in the liquid by the supersonics.? 
The cause of laking is shifted to the cause of cavitation. 

1 Tt should be recalled that in any standing wave system, the greatest move- 
ment of particles will be in the internodes, while the greatest changes in pressure 
(expansion and contraction) will be at the nodes. 

2 Perhaps we should ask whether laking would occur if blood were evacuated 


three million times in succession, i.¢., a number of times comparable to the super- 


sonic frequency multiplied by the seconds to cause laking. A single evacuation 
may lake a few corpuscles. 
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Since the cavitation will occur in pure water whose average tem- 
perature is continually falling (from absorption of heat by a cooling 
coil placed in the tube), the separation of dissolved gas must be con- 
nected with the decrease in pressure during rarefactions. Why does 
not, then, the cavitated gas immediately redissolve during the following 
increase in pressure during condensation? I believe it is because the 
radiation pressure instantly flocculates minute bubbles to a larger bubble 
whose surface volume ratio is less and consequently resolution must 
take place less rapidly. The end result is the cavitation of a few 
visible bubbles and never the formation of a milkiness due to many 
minute bubbles. Even with strong beam illumination from the side, 
one never notices a marked Tyndall effect in water which might be due 
to small air bubbles. 

In capillary active substances like soap, Na glycocholate and Na 
taurocholate solution there is no visible cavitation, in saponin some cavi- 
tation. It is likely that these substances prevent visible cavitation by 
rendering impossible the fusion of minute bubbles formed in the first 
stages of cavitation. Unfortunately, soap sol. etc. gives a good Tyndall 
beam even in absence of supersonic radiation, but it looks as if the radia- 
tion had liberated minute bubbles that do not coalesce, but redissolve in 
the following compression. Capryl alcohol added to water does not 
prevent visible cavitation. 

From the biological point of view, the really important question is 
how cavitation destroys the cell. The simplest assumption is that gas 
bubbles cavitated within the cell burst the cell wall. Gas exchange 
across a cell boundary is so rapid that we cannot hope to test this view 
by any attempt to remove gas from the medium around the cells, leav- 
ing it within the cell. I did attempt the experiment of removing gas 
from the fluid around Spirogyra or Euglena cells, which contain 
chlorophyll, and then raying them in sunlight, but the cells were not 
destroyed. Photosynthetic oxygen which should form within the cells 
was apparently not produced in sufficient quantity to destroy by cavita- 
tion, so the results were negative and mean nothing. 

The cavitation of gas bubbles within Spirogyra cells does occur after 
the cell contents are so broken up as to form a green emulsion and the 
turgor lost, an indication that the plasma membrane has been destroyed. 
No gas has been observed in cells with slight displacement of the chloro- 
phyll bands. 

Indeed it is unlikely that cavitation would readily occur in minute 
capillary spaces except with very strong sound waves. Cavitation does 
occur and blood corpuscles are laked in capillary glass tubes drawn out 
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from a larger test tube whose closed end is touched to the oil above the 
vibrating crystal. Such a tube is a collector and concentrator of sound 
energy in the capillary. If the tube is placed in the oil away from the 
crystal so that the sound density is weaker, standing waves are formed 
and no laking occurs and no cavitation even though gas is present. On 
the other hand, blood containing dissolved gas in capillary tubes closed 
at one end and directly touched to the oil above the vibrating crystal 
does not cavitate or lake, but standing waves are apparent, whereas in 
a larger tube cavitation and laking occur. As we cannot compare the 
sound density in the two tubes, the observation may merely mean that 
the ultrasonic intensity is too small for laking in the capillary tube. 

The question of laking in capillary spaces was approached in another 
way. A small amount of blood (1% cc.) was shaken with a large vol- 
ume (10 cc.) of N-butyl-phthalate, a fluid slightly more dense and some- 
what more viscous than water but harmless for blood corpuscles. When 
the two fluids were shaken, an emulsion of blood in N-butyl-phthalate 
was formed which showed on microscopic examination a few blood 
corpuscles lying in the small droplets of salt solution. Such an emulsion 
rayed 30 seconds showed most of the corpuscles unharmed, whereas 
the corpuscles in 10 cc. blood shaken with 4% cc. N-butyl-phthalate, 
forming an emulsion of phthalate in blood, lake in 10 seconds. The 
corpuscles in the capillary globules are protected, but we do not know 
the sound density in the capillary space. 

However, as the boiling point of fluids is raised in capillary spaces 
and the cavitation of gas in capillary spaces is less readily accomplished 
by evacuation, we may argue that cavitation is less likely to occur 
within a cell, and on the whole it is unlikely that destruction of cells is 
due to bursting by gas liberated within. If cells have a high viscosity, 
it is also more unlikely that cavitation within will occur readily. Blood 
containing 5 per cent gelatin and air at atmospheric pressure does not 
lake nor does the gas cavitate, although much gas is present which can 
be removed by evacuation. On the other hand, thick egg albumen 
does not prevent laking under the same circumstances. Dilution of 
the gelatin with salt solution allows the laking to proceed as readily as 
in salt solution alone. It must be admitted that evidence of this sort is 
equivocal in the absence of knowledge as to the sound density. 

On the other hand, histological examination of muscle tissue of 
small tadpoles (Chambers and Harvey) subjected to supersonic radia- 
tion and immediately fixed, has disclosed minute spaces under high mag- 
nification which look as if they had been left by gas bubbles. They 
are never present in the unrayed control tadpoles. The muscle tissue 
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also shows evidence of breakdown into globular masses and the number 
of blood corpuscles is less. We have come to the conclusion that death 
of small fishes is due to destruction of gill membranes and blood 
corpuscles. This histological evidence in tadpoles is about the only 
evidence that minute bubbles might form within cells. 

It is well known that a rapidly revolving (2000-3000 R.P.M.) 
| spindle with vanes will break up a suspension of cells and sand (Row- 
land, 1901). Bacteria are destroyed in this way in about five hours. 
Thinking that the minute gas bubbles might vibrate back and forth, 
hitting blood corpuscles and rupturing them, I have tried adding all 
sorts of powders and emulsions to the blood, removing the dissolved 
gas, and exposing to supersonics, but with negative results. Silica 
powder, levigated alumina, sulphur, parrafin oil, milk, N-butyl-phthalate 
and starch grains do not cause laking in absence of gas. However, 
conditions are not quite the same as when cavitation occurs, especially 
the explosive violence of the movements in the tube. 

The behavior of plant cells like Spirogyra, Nitella and Elodea, in 
supersonic radiation, is of special interest, since the protoplasm is under 
a turgor pressure of 4-5 atmospheres and the outer surface of the 
protoplasm protected by a cellulose membrane, strong enough to with- 
stand the turgor pressure. Nevertheless, all three cells are thoroughly 
broken up and disintegrated with loss of turgor by the sound waves. 
In Spirogyra there is the break-up of the chlorophyll spirals with loss 
of turgor, the chlorophyll becoming diffuse in many cells; in Nitella 
the layer of chloroplasts contiguous to the cell-wall is violently pro- 
jected into the cell sap in regions where the sound density is high; in 
Elodea there is complete emulsification of the cell contents and breaking 
of the walls so that many cells become empty. With a gas tension of 
one atmosphere in the water and 100 Ibs. per square inch hydrostatic 
pressure on the water containing Elodea, Spirogyra and Nitella, destruc- 
tion does not occur even when very strong supersonics are passed 
through the fluid. As will be shown later for blood corpuscles, the 
effect of pressure in preventing destruction of cells by sound waves 
depends largely on the tension of the dissolved gas. If the gas in 
solution is in equilibrium with the pressure, then the Elodea, Spirogyra 
and Nitella are rapidly destroyed at 100 Ibs. pressure. 

Removal of gas by evacuation does not prevent the tearing of Elodea 
cells by supersonics, although Spirogyra and Nitella are not so readily 
affected and may not be harmed at all if the supersonic intensity is 
low ; whereas there is complete disintegration if dissolved air is present, 
at the same low sound density. 

The anomaly presented is this. How can gas be cavitated within a 
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cell under 4-5 atmospheres (60-75 lbs. per sq. in.) turgor pressure when 
all experiments indicate that 15-65 Ibs. hydrostatic pressure, depending 
on the tension of gas and supersonic intensity, is sufficient to prevent 
cavitation of gas from water solution? We cannot believe that the gas 
dissolved within plant cells is under a higher tension than one atmos- 
phere even though the turgor pressure is greater. On the other hand, 
how can externally cavitated gas destroy a cell surrounded by so tough 
a cellulose wall? Unless, perhaps, it is the violent knocking on the 
cellulose wall by cavitated gas bubbles which finally breaks down the 
cell permeability and abolishes the turgor pressure within, when cavi- 
tation inside may complete the thorough break-up of the cell. Schmitt 
and Uhlemeyer (1930) find that Spirogyra subjected to ultrasonics too 
weak to rupture the cell wall or cause visible changes, are less resistant 
to penetration of NaOH. 

From a study of plant cells one is almost led to the conclusion that 
it is the rapid movements accompanying the cavitation rather than the 
cavitation itself which breaks them up. I think the plant cell experi- 
ments negative the view that destruction is due to expansion of cavitated 
gas within, bursting the cell-wall. 

Attempts were made to analyze the break-up of cells by means of 
moving pictures with a high speed f 1.8 camera taking 128 pictures a 
second. The exposure is only 1/200 second, but perfectly timed nega- 
tives can be obtained with a No. 3 objective (10 X) and No. 2 (6 X) 
or No. 4 (10 X) ocular if a beam from a Pointolite lamp is used for 
illumination. Spirogyra, Nitella, and Arbacia eggs proved to be favor- 
able material. They were mounted under a cover glass directly on the 
vibrating quartz crystal, using a low power (75 watt) oscillator. The 
results indicate that particles or previously present air bubbles caught 
under the cover glass move with extraordinary rapidity, such that they 
may appear in one frame and disappear in the next. An Arbacia egg 
may be completely cytolysed in one frame (1/128 second), so that there 
is no difficulty in telling (by noting the movement of small particles) 
when the supersonics have been turned on. The process of cytolysis 
is too rapid to be analysed at this speed (128 pictures per second). 

On the other hand, the twistings of Spirogyra spirals and the tear- 
ing of Nitella chloroplasts from the wall is much slower, as is also the 
forcing of organisms like Euglena into standing wave patterns. Effects 
within Nitella and Spirogyra filaments can be just recognized in 1 frame 
(1/128 second), are marked in 4 to 5 frames (1/25 second) and very 
marked in 12 frames (1/10 second) from the time the supersonics are 
turned on. The pictures do not disclose air bubbles within the cells, 
nor do they give a clue to the cause of destruction. The filaments are 
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held in place by the cover glass and do not move during the supersonic 
raying. 

The question arises as to whether stimulation is also due to cavi- 
tation. Stimulation-of tissues does not easily occur with supersonics 
except under special conditions. A frog’s sciatic-gastrocnemius prep- 
aration immersed in Ringer’s will give submaximal twitchings, and a 
turtle’s heart under similar conditions is stimulated to extra beats when 
supersound waves pass through the fluid, but no stimulation results 
on merely touching tissues to solids carrying sound waves. 

Will evacuation of gases from the Ringer’s solution prevent this 
stimulation? To determine this, an isolated turtle’s ventricle was 
mounted in a rubber-stoppered test tube carrying a stopcock (for 
evacuation), a support, and a short spring lever, in such a way that 
contraction of the ventricular muscle could be observed by movement 
of a beam of light reflected from a small mirror on the lever. Several 
experiments using different ventricles all showed that it was much 
easier to obtain contractions when gas was dissolved, whether air or 
oxygen-free hydrogen (since it was thought that lack of oxygen on 
evacuation might lower the irritability of the ventricular muscle), than 
when the gas was removed by evacuation. There was, however, fre- 
quently some contraction in absence of gas. The gastrocnemius-sciatic 
preparation is also much easier to stimulate when air or hydrogen gas is 
dissolved than after evacuation. 

Since pressure plays so important a part in the destruction of cells 
by supersonics, it seemed necessary to determine the relation between 
the pressure on the fluid and time of laking of its contained cells. Dilute 
blood was used and the time was determined by noting the appearance 
of incandescent lamp filaments viewed through the suspended blood 
corpuscles, as described on page 310, taking care to keep all conditions 
(which might affect the time) constant in any one series of pressure 
experiments. Preliminary work showed that the more concentrated 
the corpuscle suspension, the greater the laking time, but there is not 
a direct proportionality. Consequently time cannot be compared in 
series of experiments run with different samples of blood, but the form 
of the curves is similar. 

Preliminary work also showed that in general, the greater the super- 
sonic intensity, the shorter the time of laking. As previously explained, 
the actual supersonic intensity cannot be stated, but relative intensities 
only can be given in terms of the steps of a rheostat in the plate trans- 
former circuit of the oscillator controlling the voltage across the crystal. 
The times for laking were: 
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Step 31, all resistance in, weak supersonics 

Step 25, some resistance out, medium supersonics 
Step 17, more resistance out, strong supersonics 
Step 13, more resistance out, very strong supersonics 
Step 9, more resistance out, very strong supersonics 
Step 6, most resistance out, strongest supersonics 


Why steps 13 and 9 with less resistance and greater voltage across 
the vibrating quartz crystal should be less efficient in laking the cor- 
puscles than step 17 cannot be stated. This is one of the unexplained 
anomalies which have appeared in this work. 


1 Liter 


a 


Fic. 3. Vessel for studying laking under diminished pressure. 


The actual pressure experiments can be divided into those in which 
the pressure is increased above atmospheric and those in which the pres- 
sure is decreased by evacuation. For the latter the glass vessel illus- 
trated in Fig. 3 was used, a 1 L pyrex distilling flask with the neck 
sealed off and a pyrex test tube sealed in the bottom. The blood :cor- 
puscle suspension is placed in the flask, which is then connected to a 
vacuum pump, evacuated to a certain pressure and the blood thoroughly 
shaken with air at this pressure to bring it into equilibrium. The test 
tube is then touched to the oil above the vibrating crystal and the time 
of laking noted. The graph shown in Fig. 4 gives a series of runs 
under the same conditions with three different intensities of supersonics. 
Time in seconds for laking is plotted as ordinates and pressure in mm. 
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of mercury as abscisse, after deducting 23 mm. for pressure of water 
vapor at 24° C. 
It will be observed, first, that there is a rather well-defined pressure 
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Fic. 4. Graph of time in seconds for laking of turtle’s blood plotted against 
pressure in mm. Hg, the dissolved gas in equilibrium with the pressure, with three 
different intensities of supersonics, strong 17, medium 25, and weak 31. 


at which the time of laking becomes greater, and at slightly lower 
pressure this time becomes practically infinite, even though there is still 
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air dissolved which cavitates under the reduced pressure. In four dif- 
ferent runs at different times this critical pressure with 31 supersonics 
was about 350, 380, 430, and 460 mm. Hg. Second, with more intense 
supersonics (rheostat on steps 25 and 17 as compared with 31) a 
greater amount of gas may be dissolved without laking. This is an 
extraordinarily anomalous fact for which I have no explanation. The 
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Fic. 5. Graph of time in seconds for laking of turtle’s blood plotted against 
pressure in mm. Hg, the dissolved gas, oxygen (X) and air (@) in equilibrium 
with the pressure, weak (31) supersonics. 

21 
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expectation would have been that greater supersonic intensity would 
require the removal of more dissolved air to prevent laking. The same 
result has appeared in three entirely separate sets of experiments. 

The next experiment was designed to determine the influence of the 
amount of gas and kind of gas dissolved on the form of the curve. 
Since 1 cc. water dissolves .03102 cc. of oxygen and .01870 cc. air meas- 
ured at 0° C. and 760 mm. from 760 mm. of gas, there will be about 1.72 
times as much oxygen in solution as air. The observation vessel was 
arranged so that blood could first be thoroughly evacuated to remove 
gas and then connected with oxygen or air, respectively, and shaken at 
various pressures to bring it into equilibrium, and the time for laking 
by weak supersonics of 31 intensity noted. The results are shown in 
the graph of Fig. 5. The curves for air and for oxygen are practically 
identical. If anything, it is necessary to have a little lower pressure 
to prevent laking with oxygen dissolved as compared with air, a result 
which might be expected. 

It can be shown very definitely that if much more gas is dissolved 
in blood suspension than corresponds to equilibrium with the pressure 
of gas over the liquid, laking occurs, whereas it would not occur under 
equilibrium conditions. For example, blood with air in equilibrium at 
atmospheric pressure is placed in the observation tube and the pressure 
over the blood reduced to 340 mm. Hg without shaking. Laking occurs 
in a few seconds, whereas no laking would occur in 3 minutes’ exposure 
if the blood contained gas in.equilibrium at 340 mm. Hg. 

The question of gas equilibrium becomes extremely important when 
pressures above atmospheric. are studied. For this purpose two types 
of observation chambers have been used, the gas studied being air. In 
one, for increasing pressure without dissolving more gas, a pyrex test- 


tube is sealed by dele potiaey ment to a_brass. chamber. seas ge 
with a pressure gage ar vee valve ce Sal hos 

pressure (Fig. 64§. The chamber can be completely filled with blood 
saturated with air at 760 mm. Hg, the petcock closed and the pressure 
increased by turning the thumbscrew. It is found that blood corpuscles 
under 12 lbs. pressure or greater, with weak (rheostat 31) supersonics, 
do not lake, but laking occurs in a few seconds if the pressure falls 
below 11 Ibs. For stronger supersonics (rheostat 17) there is laking 
below 13 lbs. but none above 15 Ibs. per sq. inch. Between these critical 
pressures cavitation and laking may or may not occur, i.e., there appears 
to be a very critical condition for cavitation such that cavitation occurs 
like a little explosion in the liquid, followed by a period of rest and a 
moment later by another explosion and so on. These explosions, noted 
by Johnson with low sound densities, cause great commotion and move- 
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ment in the liquid, breaking up the standing wave patterns. It is very 
likely that the corpuscles are subjected to tearing forces during these 
explosions which could only be accomplished by rotating vanes after 
many hours exposure. 

The second type of pressure chamber, for obtaining equilibrium 
between gas and liquid, is a pyrex tube sealed to a brass tube connected 


Fic. 6. Vessels for studying laking and .increased pressure. A, for gas 
dissolved at atmospheric pressure; B for gas in equilibrium with the pressure. 


with a pressure gage and bicycle tire valve (Fig. 6B). The pyrex tube 
is only partially filled with blood, the chamber pumped to the desired 
pressure with a bicycle pump, when thorough shaking of compressed 
air and blood brings the system into equilibrium. 

Using this chamber, it is found that cavitation and laking cannot 
be prevented even up to 100 lbs. per square inch, if the gas is in 
equilibrium. The time for laking becomes longer, perhaps 20 seconds 
at 100 Ibs. as compared with 5 seconds at atmospheric pressure. I 
believe the 60 Ibs. pressure found by Johnson to prevent destruction 
of Protozoa is the result of the fact that under his conditions the fluid 
was only partially in equilibrium with the gas under increased pressure. 

For a given sound density it would appear that the tension of gas in 
solution in relation to pressure was the most important factor in deter- 
mining cavitation of a fluid and consequent destruction of cells sus- 
pended in it. With a lower gas tension than corresponds to equilibrium 
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with the gas phase, increasing the hydrostatic pressure will prevent 
cavitation and laking; the higher the gas tension, the more the hydro- 
static pressure must be increased. At equilibrium, increasing the hy- 
drostatic pressure (to 100 lbs.) will not prevent cavitation. Pressures 
above this have not been studied. Whether the ratio of hydrostatic 
pressure to gas tension is a constant and bears a relation to the negative 
pressure developed during the rarefaction phase of a sound wave cannot 
be stated at the present time. Methods of actually measuring the pres- 
sure changes during passage of high intensity sound waves must be 
developed. Boyle, Taylor and Froman (1929) believe cavitation is not 
due to disruption of the liquid with bubble formation de novo, but is 
due to radiation pressure forcing small invisible bubbles together, since 
their measurement of the energy intensity in a supersonic beam is only 
one-tenth of that required by a simple theory of disruption by harmonic 
pressure. They argue that if bubbles must be actually generated, time 
should be a factor in their formation and it is highly improbable that 
a bubble could form in 10-* seconds, for it is easily demonstrated that 
sound waves of one million frequency will cause cavitation of dissolved 
gas. 

The study of cavitation by various means offers an extremely inter- 
esting and rather neglected field for work, but as it lies in the realm of 
pure physics rather than biology I do not propose to follow it up even 
though the laking of blood corpuscles by cavitation offers excellent 
quantitative material for its study. In regard to the mechanism of cell 
destruction by cavitation, I believe it is due rather to the rapid striking 
of cells by minute cavitated air bubbles and the general violent commo- 
tion accompanying cavitation than to the expansive bursting of the cell 
by gases cavitated within. The chief evidence for this view is the 
behavior of plant cells described on page 316. 


In conclusion I wish to thank Mr. Alfred L. Loomis for the generous 
hospitality of his laboratory, where practically all of the experiments 
were performed, and for his great interest and valuable suggestions 
during the progress of the work. I also express my deep obligation to 
Dr. William Richards of Princeton University for information during 
our discussions of the experiments, much of which is embodied herein, 
and to Mr. Charles Butt, my research assistant, for the loan of his high 
frequency oscillator. 
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A COMPARATIVE STUDY OF DAILY WATER-INTAKE 
AMONG CERTAIN TAXONOMIC AND GEOGRAPHIC 
GROUPS WITHIN THE GENUS PEROMYSCUS 


LLEWELLYN G. ROSS 


(From the Carnegie Institution of Washington and the Scripps Institution of 
Oceanography of the University of California, La Jolla, California) 


INTRODUCTION 


It is a widely accepted generalization that many groups of mammals 
exhibit differences in water consumption which are conditioned upon 
the available water supply in their respective environments. Bailey 
(1923) brings out this fact in a striking manner. He states that 
certain forms exist in hot, barren areas where there is no open water, 
no available subterranean water, and no precipitation for periods of 
months or even years. These animals are present in large numbers 
and are “found in perfect health and good bodily condition with 
abundance of internal fluids and secretions.’’ Bailey contrasts this 
type with such animals as the Eastern gray squirrels which ‘require 
water once or twice a day and drink a considerable amount at a time.” 
The same author (1923) describes the food habits of several xerophilous 
forms, stating that their water supply is obtained from seeds, roots, 
succulent plants, etc. Babcock (1912) shows that the carbohydrates, 
proteins and fats of foodstuffs are converted into water which is 
sufficient for a large share of an animal’s vital activities. 

Whatever may be the actual source of water supply for xerophilous 
mammals, the fact remains that they are capable of adjusting their 
vital economy to a very restricted supply of free water. 

Dice (1922), in an effort to explain the different habitat preferences 
of two species of Peromyscus, P. maniculatus bairdii and P. leucopus 
noveboracensis, tested their water intake in the laboratory.. Neither 
of these forms is xerophilous. Both are found in Illinois, P. m. bairdii 
being a prairie form while P. 1. noveboracensis is a forest dweller. 
Dice found no significant difference in water intake between the two 
species and concluded that “different water requirements cannot be 
the factor causing the different habitat limitations’’ of the forms tested. 

While acting as research assistant to Dr. F. B. Sumner during the 
year 1929-30, under a grant from the Carnegie Institution of Washing- 
ton, the writer was given the opportunity to investigate further the 
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question of differences in water consumption. The experimental 
subjects used were representatives of five taxonomic groups of mice 
within the genus Peromyscus. These groups were: 


P. maniculatus sonoriensis, 
P. maniculatus gambelit, 
P. maniculatus rubidus, 

P. eremicus eremicus, 

P. eremicus fraterculus. 


The species maniculatus is distributed widely over. the North 
American continent. So ubiquitous is this group that Osgood (1909, 
p. 17) states that “it is probable that a line, or several lines, could be 
drawn from Labrador to Alaska, thence to Southern Mexico through- 
out which not a single square mile is not inhabited by some form of 
this species.’’ The three subspecies of maniculatus with which we are 
here concerned are distributed as follows. P. m. sonoriensis is found 
in arid and desert regions, chiefly in the southwestern United States. 
P. m. gambelii is found along the California coast, south of San Fran- 
cisco Bay, in the Great Valley of California and also in central Oregon 
and Washington, east of the Cascades. P. m. rubidus confines itself 
to the humid coastal region from San Francisco Bay, north to the 
Columbia River. 

P. eremicus, which is placed in a distinct subgenus from manicu- 
latus, is much more restricted in its geographic distribution. The 
various subspecies of P. eremicus are confined to arid and semi-arid 
portions of the southwestern United States and adjoining parts of 
Northern Mexico (Osgood, 1909, pp. 239-240). P. e. eremicus is 
found exclusively in distinctly arid localities, while P. e. fraterculus 
confines itself to the semi-arid coastal region of California, south of 
Los Angeles, and of northwestern lower California. 

It might be expected, on the basis of their varying climatic environ- 
ments, that these five subspecies would display interesting differences 
in water intake. The large stock of Peromyscus maintained by Dr. 
Sumner at the Scripps Institution at La Jolla offered ample material 
for the present investigation. All five subspecific groups described 
above were represented by ‘‘C,’’ stock of known age and parentage.' 
It was a comparatively simple task to measure the individual daily 
water consumption of a portion of this stock. The details of this 
procedure will be described later. 

The problem to be investigated may be briefly stated as follows: 


1“ C,"’ is a term used by Dr. Sumner to designate the first generation born in 
captivity. 
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are there significant differences in water intake among the five racial 
groups of Peromyscus discussed above? If so, are the differences 
specific (between species) or subspecific (among diverse races within a 
species), and how are these variations related to the environmental 
and phylogenetic backgrounds of the groups in question? 


MATERIALS AND METHODS 


Each animal was kept in an individual stock cage, 16 X 9} X 94 
inches in dimensions, which was divided into a nest compartment and 
a food compartment. These two compartments were of equal size 
and were intercommunicating, the latter having a screen front, the 
former being closed. 

In the food compartment the water-supply contrivance was 
installed. This apparatus had been devised by Dr. Sumner, previous 
to the time at which the present investigation was undertaken. It 
was essentially an inverted rimless test tube, resting in a shallow round 
aluminum dish, 1} inches in diameter and 3/16 of an inch deep. 
The test tube was of 16 cc. capacity, and was graduated in cubic 
centimeters. A small notch in the edge of the tube allowed air to 
enter this and water to escape into the dish, as it was depleted by the 
animal’s consumption and by evaporation. The device was set up 
for use as follows. After the tube was filled, the top was covered by 
the aluminum dish, and it was then quickly inverted and attached 
firmly by a clamp, in such a manner that the edge of the tube just 
cleared the surface of the aluminum dish. The water level was then 
brought down to the 0-cc. graduation by removing small quantities 
with a pipette. 

Distilled water was used. In order to rule out variations in water- 
intake referable to changes in kind of food, the modified McCollum 
diet used by Slonaker (1925) was employed. This consisted of the 
following proportions by weight. 


Ground whole wheat 
Whole milk powder 


Sodium chloride 
Calcium carbonate 
Sifted ground alfalfa 
Unsalted butter 


No green food was given. It may be noted here that under Dr. 
Sumner’s method of caring for the mice they are given no free water. 
The animals’ moisture requirements are met by giving cactus and 
lettuce, as well as a mixture of alfalfa meal and wheat germ, moistened 
with milk and cod-liver oil. In a state of nature it seems likely that 
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Peromyscus, throughout much of its range, does not have access to 
free water. Therefore it appears that satisfying moisture requirements 
by drinking free water was a unique experience for the animals tested. 

During the entire period of the experiments, the temperature in 
the experimental room varied from 21° to 24° C., the mean lying 
between 22° C. and 23° C. Relative humidity was much more 
variable, the weekly means varied from 40 per cent to 83 per cent. 
The mean for the entire period was 62 per cent. The maximum 
variation in humidity during any one experiment was from 30 per cent 
to 70 per cent, with the mean about 50 per cent. This range during 
an experiment was exceptional, the normal range being through about 
20 degrees. It is obvious that the only strictly fair comparisons are 
between animals which were tested simultaneously. 

The daily water intake of each individual was recorded for a period 
varying from two to three weeks. During the experimental period, 
each mouse was transferred from one cage to another in rotation 
every second day. This procedure was intended to eliminate varia- 
tions due to the set-up of the water-supply devices. 

Four different racial comparisons were made as follows: 


(a) between P. m. sonoriensis and P. e. eremicus, involving 55 
individuals. 
(b) between P. m. gambelu and P. e. fraterculus, involving 57 


individuals. 

(c) between P. m. rubidus and P. m. sonoriensis, involving 48 
individuals. 

(d) between P. e. eremicus and P. e. fraterculus, involving 41 
individuals. 


Four individuals of each of the two races under comparison were 
usually used in a single experiment. These eight mice were as nearly 
comparable as possible, in respect to age, and the two sexes were 
usually equally represented. 

I shall use the term “‘experiment’’ in referring to each of these 
comparative tests referred to in the preceding paragraph. Within an 
experiment, the individuals belonging to a single race, such as P. e. 
eremicus or P. m. sonoriensis will be referred to as a “race group.” 
The term “‘series’’ will apply to the combined experiments which 
comprise one of the four racial comparisons: sonoriensis-eremicus, 
gambelii-fraterculus, rubidus-sonoriensis and eremicus-fraterculus. 

As stated above, the daily water-intake of an individual was 
recorded for the duration of the experiment. At the end of the 
experimental period, the mean daily water-intake for each individual 
in the experiment was computed, and this value was divided by the 
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weight of the individual in grams. This gives the mean daily water 
intake in terms of body weight.2 The weight of each individual was 
determined to tenths of a gram at the beginning of each experiment. 


All the figures for water-intake found in Table I are given in terms of 
cubic centimeters per day per gram. 

In each experiment the mean of these individual values for intake 
per day per gram was determined for each race group. All compari- 
sons between the two races in a series are based upon the difference 
between the race-group means within an experiment, these differences 
being weighted by employing the following formula (Sumner, 1915): 


Li (m — m’)(n n’) 

Mais 7 eee 
2X (n n’) 
in which m and m’ are the two corresponding race-group means 
within an experiment and m and m’ are the numbers of individuals 
upon which the race-group means are based. The value for Mai; is 
the difference in water intake between the two races under comparison 
in a series. 

The probabilities of the racial differences for a series were computed 
by the method of McEwen (1929) which is based upon ‘‘Student’s”’ 
Probability Integral. The standard deviations from both race-group 
means within an experiment are obtained. Then the square root of 
the sum of the squares of these standard deviations is extracted. 
The difference between the two race-group means is now divided by 
this standardedeviation. The probability corresponding to this value, 
on the basis of the number of individuals in each race-group, is then 
found in McEwen’s table. This probability value, P, is subtracted 
from 1.00, giving the probability that the difference is due entirely 
to chance. The probability that a racial difference within an entire 
series is due to chance is obtained by multiplying together the values 
for 1.00 minus P for each race-group difference. This cumulative 
value I shall refer to as the “‘series probability.”’ 

? The standard of cubic centimeters per day per gram was adopted, in spite of 
the interesting results reported by Richter and Brailey (1929), who studied the water 
intake of a group of white rats from the age of 30 days to 160 days. These workers 
found that increase in water intake with age was closely correlated with increase 
in body surface, but much less closely with increase in body weight. They state 
further that daily water intake per unit of surface area was found to be practically 
a constant value at all ages. An attempt was made, in connection with the present 
investigation, to calculate water intake in relation to surface, and compare the 
standard of intake referred to surface with intake referred to weight. The results 
indicated that any differences depending on race were as clearly demonstrated by 
the use of the body weight standard as by that of body surface. In no case did the 
water intake per unit of surface approach a constant value as Richter and Brailey 
found. In view of these facts it was thought justifiable to neglect the intake- 


surface relationship and use the standard of cubic centimeters per gram of body 
weight. 
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LLEWELLYN G. ROSS 


RESULTS 


The results (Table I, Figs. 1, 2, 3) show that, in the sonoriensis- 
eremicus series, sonoriensis has a higher water intake than eremicus ; 
in the gambelii-fraterculus series, gambelii surpasses fraterculus. If the 
relative magnitude of these differences within the series A and B are 
not immediately apparent to the reader, let us note that the weighted 
difference for the series A, 0.037 cc. per day per gram, is 30 per cent 
of the weighted mean for eremicus, and 21 per cent of the weighted 


A B C D 


Sonoriensis gombel: rubdus fraterculus 
——. —___.. —_—_—_.. —- 


eremicus froterculus 
----- -* 


SosE8ST5SE RT IBE SSKEECES 


Sa5s8s 


080 
080 
on 
eo 


(2345 123456 '2345 1234 


Fic. 1. Graphic representation of the mean value for daily water intake for 
each experiment in series A, B, Cand D. Ordinates indicate water consumption in 
cubic centimeters per gram per day. Abscissae indicate the series and their compo- 
nent experiments, 


mean for sonoriensis. Likewise, in series B, the weighted difference, 
0.044 cc. per day per gram, is 27 per cent of the weighted mean for 
gambelii and 38 per cent of the weighted mean for fraterculus. It 
will be seen from the table that in none of the component experiments 
in the series A and B, is the direction of the differences reversed. 
That is to say, sonoriensis is consistently ahead of eremicus, and 
gambelii is likewise ahead of fraterculus in all cases. 

The series probability for series A is 0.000017 and for series B is 
0.0000008. This means that in the former series there are 1.7 chances 
in a hundred thousand that the difference is due to chance, and in the 
latter series, there is less than one chance in a million that the difference 
is due to chance. We are therefore forced to the conclusion that the 
differences obtained in these two series are significant ones. 

Combining series A and B, we have an interesting specific compari- 
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son, between Peromyscus maniculatus (sonoriensis and gambelit) and 
P. eremicus (eremicus and fraterculus). The former gives a weighted 


mean value of 0.167, the latter a weighted mean value of 0.120, the 
weighted difference being 0.040. 


Series A 


Pe. eremicus 


Pm sonoriensis 


Series B 


Pe fraterculus 


Pm gombelii 


S8sssaesssssegsscoirre 
- 0+ 
Fics. 2 and 3. Frequency distributions, based upon the deviation (+ or —) 
of each individual from the mean value (daily water in cc./grams) of the total popu- 
lation of the experiment to which it belonged. In computing this mean value, 
the two races in each experiment were thrown together and treated as a single 


population. Values to the right of the zero line represent positive deviations, 
while those to the left are negative deviations. 


Figure 2 is for series A and Fig. 3 is for series B. 


In series C and D we find, on the other hand, that the weighted 
differences between the races concerned are very small. The weighted 
difference in series C shows that rubidus is 0.006 cc./gram/day ahead 
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of sonoriensis. This difference is but 3 per cent of the weighted 
means for rubidus and for sonoriensis. In series D, fraterculus is 
0.007 cc./gram/day ahead of eremicus. This weighted difference is 
about 7 per cent of the weighted mean value for eremicus as well as 
of that for fraterculus. 

In these two series, likewise, we do not find the same consistency 
in the direction of the differences as was the case in series A and B. 
For instance, in series C, in three experiments, rubidus is ahead of 
sonoriensis, while in two, sonoriensis is ahead of rubidus. In series D, 
fraterculus is ahead of eremicus in three experiments, while in the 
fourth the direction of the difference is reversed. 

The small differences within the two series C and D and the fact 
that the component experiments display no constancy in the direction 
of their differences, lead us to the conclusion that we have demon- 
strated no significant differences in water intake between P. m. rubidus 
and P. m. sonoriensis, nor between P. e. eremicus and P. e. fraterculus. 

The reader will perhaps note that the weighted mean water-intake 
value for P. m. rubidus in series C is above that for P. m. sonoriensis 
in series A. Also, the P. m. sonoriensis value in series A is above 
the P. m. gambelii value in series B. These differences are not con- 
sidered valid, inasmuch as they are not based upon comparisons 
between races which were made at the same time, with animals of 
comparable age, under the same conditions of temperature and 
humidity. It is entirely conceivable, had all the possible combinations 
been tested, that other interesting differences might have been brought 
out. The particular four comparisons were selected as being of 
especial interest from the viewpoint of the relation between water 
intake and the environmental and racial backgrounds of the groups 
concerned. é 

In the table will be found under ‘“ Extremes,” the low and high 
individual values within each racial group, for each experiment. 
These low and high values, along with the standard deviations, will 
give the reader some idea of the high degree of individual variability 
which is displayed by this material. In this connection see also 
Figs. 2 and 3. These histograms represent the differences in water- 
intake in terms of the deviation (+ or —) of each individual from the 
mean for the experiment to which it belongs. It is obvious that the 
race which has the lower water intake will display predominately 
minus deviations and that the race with the higher intake will show 
predominately plus deviations. This predominance of one sign or 
the other may be manifested either in the greater frequency or the 
greater magnitude of the deviations in a given direction, or in both 
respects. 
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DIscusSsION 


We have seen that in our experiments there are significant differ- 
ences in water intake within the racial groups which have been the 
subjects of our experimental comparisons. The differences found are 
between species, representatives of P. maniculatus and P. eremicus, 
and not within a species, either maniculatus or eremicus. 

It is also clear that, since the experimental data are based almost 
exclusively upon material which was born and reared in captivity, 
under environmental conditions which were identical for the two 
species under comparison in any single experiment, these differences 
in water intake are inherited ones. 

A rational explanation of the above facts must involve, not only a 
consideration of the environments of the parent stocks of the experi- 
mental material, but some speculation concerning their phylogenetic 
backgrounds. 

Our experimental data point to the probability that P. m. gambelit 
has a higher water intake than P. e. fraterculus. While the greater 
part of the geographic distribution of gambelit embraces a region in 
which more humid climatic conditions prevail than in the range of 
fraterculus, the range of the former does to a certain degree overlap 
that of the latter. The two forms occur together in the coastal belt 
of California, south of Los Angeles, and in the northern coastal region 
of Lower California. It is from this overlapping region that the 
parent stocks of experimental material for both races were secured. 

It has been indicated in our experiments that P. m. sonoriensis 
has a higher water intake than P. e. eremicus. In considering the 
geographic distribution of these two races, we see that their ranges 
overlap to a certain degree and that where their ranges do not overlap, 
similar climatic conditions prevail. 

Here we have two cases (gambelii-fraterculus, eremicus-sonoriensis), 
in which two forms belonging to separate species of the genus Pero- 
myscus are found in a state of nature living under similar climatic 
conditions, but as tested in the laboratory, show very definite differ- 
ences in water intake. 

It seems evident then that we must search farther than adaptation 
to the general climatic environment of a region for an explanation of 
the differences in water intake which we have found. Perhaps we 
may find the solution in a consideration of the racial backgrounds of 
the groups with which we are concerned. From the geographic 
distribution of the two species of Peromyscus, maniculatus and eremicus, 
we may deduce much concerning their probable evolutionary histories. 
The reader is referred to Osgood’s (1909) maps of geographic distribu- 
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tion for P. maniculatus and for P. eremicus. It will again be noted, 
as mentioned in the introduction, that the species maniculatus has a 
very widespread distribution. Although it is fairly well represented 
in the arid and semi-arid southwest, perhaps eight or nine-tenths of 
the geographic range of this very ubiquitous species is in more humid 
regions. The species eremicus, on the other hand, has a much more 
limited distribution, being essentially a southwestern form, confined 
to arid regions of southwestern United States and nearby portions 
of Mexico. 

May we not frame a somewhat speculative explanation of the 
difference in water intake between maniculatus and eremicus, on the 
basis of their probable racial histories deduced from their geographic 
distributions? 

We may suppose that the stem form from which the numerous 
sub-species of P. maniculatus were differentiated had its origin in a 
relatively humid environment. This assumption is a safe one, since 
desert habitats for maniculatus are exceptional, perhaps ten per cent 
of its total geographic distribution. After a lapse of time, the group 
extended its geographic range from its point of origin, some forms 
migrating to more arid localities. These forms became slowly adapted 
to the environmental conditions encountered there, but may have 
retained to some extent the ancestral modes of life. 

A similar line of thought may be applicable to the case of P. 
eremicus. We may suppose that the eremicus stem-form had its origin 
in an arid locality and gradually extended its range. Some groups 
became adapted to a certain extent to less arid climatic conditions 
but retained many of the characteristics of the ancestral type. 

There are observations by various workers concerning the habitat 
preferences of certain races of Peromyscus, which are very interesting 
in connection with the foregoing discussion of racial history, and also 
with the experimental results which I have obtained. Dr. F. B. 
Sumner states it as a matter of practical field experience that when 
trapping for Peromyscus in a given locality, P. maniculatus is found 
more typically in relatively moister habitats, while P. eremicus prefers 
more arid situations. For instance, in certain arid regions, this 
worker finds that P. m. sonoriensis is taken in large numbers along 
flood plains of rivers and other low-lying ground, where relatively few 
P. e. eremicus are caught. When the trap-line is run up on the arid 
banks and barren slopes, even a few hundred yards away, eremicus 
may be obtained in large numbers, while sonoriensis is scarce. There 
is a similar relationship between P. m. gambelii and P. e. fraterculus 
in the coastal region of Southern California. Gambelit is taken in 





DAILY WATER-INTAKE IN GENUS PEROMYSCUS 337 


large numbers in grassy valleys and the bottoms of canyons, while 
fraterculus is more often found in abundance on the dry hillsides. 

Grinnell (1914) in his “Account of Mammals and Birds of the 
Lower Colorado Valley’’ states that P. m. sonoriensis is an ‘‘ abundant 
inhabitant of bottom lands everywhere”’ and that “this Peromyscus 
|P. m. sonoriensis| has appropriated the river bottom, which, in turn, 
is tabooed by the two desert species of the region, eremicus and 
[P. crinitus| stephensi.”” And of P. e. eremicus, the same author says 
“yet our trapping showed distinct associational preferences. The 
overflow bottom is evidently rarely invaded, there being but slight 
overlapping of the habitat of P. maniculatus sonoriensis.”’ 

It appears then, that P. e. eremicus, even though it may occur 
under the same climatic conditions as P. m. sonoriensis, is influenced by 
its racial background in such a manner as to display a predisposition 
to a lower water intake than sonoriensis, and to seek an immediate 
habitat which is compatible with this tendency. Likewise, P. e. 
fraterculus, although its geographic range overlaps to a certain extent 
that of gambelii, consumes less water than the latter, because of an 
inherited predisposition to a more limited water intake. Fraterculus 
and gambelit show habitat preferences in accordance with this physio- 
logical character. 

In view of the fact that no differences in water intake were demon- 
strated between P. m. rubidus and P. m. sonoriensis, we may suppose, 
pending further investigation, that sonoriensis has not yet diverged 
sufficiently from forms such as rubidus to display a difference in water 
intake sufficient to be demonstrated by the somewhat crude methods 
employed in this investigation. Likewise, since no water-intake 
difference could be proved between P. e. eremicus and P. e. fraterculus, 
it would appear that fraterculus is not at present far enough removed 
from eremicus to show a significant difference in water consumption. 


SUMMARY 


1. Five subspecific groups of Peromyscus, representative of the two 
species, maniculatus and eremicus, have been tested in the laboratory 
to determine whether racial differences in water intake exist. 

2. Significant differences were found between P. m. sonoriensis and 
P. e. eremicus, as well as between P. m. gambelii and P. e. fraterculus. 
No significant differences between P. m. rubidus and P. m. sonoriensis, 
nor between P. e. eremicus and P. e. fraterculus, were demonstrated. 

3. It is seen that, in these experiments, the only demonstrable 
differences in water intake are between the two species, P. maniculatus 
and P. eremicus, and not within either species. These specific differ- 

22 
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ences in water intake are interestingly correlated with the geographic 
and ecological distributions of the two species. 

4. Since the experimental data are based almost exclusively upon 
cage-bred stock, reared in a common environment, these differences 
appear to be hereditary. 

5. Adequate statistical treatment, using McEwen’s method, based 
upon “Student’s” Probability Integral, indicates that these differences 
in water intake are real ones and not due to chance. 
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QUANTITATIVE STUDIES IN ION ANTAGONISM 


I. EXPERIMENTS ON THE STRIATED MUSCLE 
OF THE FROG 


E. GELLHORN 


(From the Department of Animal Biology, University of Oregon, Eugene, Oregon) 


Although the study of ion antagonism goes back to the year 1882 
when Ringer published his first paper on ion antagonism in the heart, 
quantitative study of the subject has just begun. Loeb (19150) 
suggested the interesting theory that the quantitative relationship in 
ion antagonism depends upon the function concerned. If ions influ- 
ence irritability, a linear relation is supposed to exist between the 
antagonistic ions, while a parabolic relation expresses the antagonism 
if permeability is concerned. Recently Rubinstein (1928) performed 
experiments on a polychete worm (Fabricia sabella) and found a 
parabolic relationship [K] = av(Nal, although there was no proof 
that this antagonistic action was based upon changes in permeability. 
It is the writer’s opinion that a sharp distinction between the two 
groups as suggested by Loeb is not possible at the present time. 
Changes in the behavior of the surface of cells may often initiate 
changes in permeability (Gellhorn, 1930). In spite of this, the ingen- 
ious idea of Loeb, that the quantitative study of ion antagonism may 
reveal different kinds of antagonism and may finally lead to a better 
understanding of that problem, merits further investigation. In con- 
trast to the work of Loeb (1915a) on Balanus larve and that of Rubin- 
stein (1926) on Fabricia, in which several tissues were involved, the 
writer has considered it preferable to examine ion antagonism as it 
affects one single structure. Thisis possible in muscle, for Kato (1929) 
has shown in histological studies that the antagonistic ions act upon 
the same anatomical structure. 

It is apparent from the investigations of Overton (1904) that the 
irritability of striated muscle depends chiefly upon NaCl, KCl, and 
CaCl. Therefore a quantitative study of ion antagonism was carried 
out between these ions. The effect of the trace of NaHCO; added to 
the Ringer’s solution to preserve neutrality was not taken into con- 
sideration. 
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E. GELLHORN 


METHOD 


The experiments were chiefly performed on the sartorius muscle 
of Rana esculenta between January and April, 1930. Frogs of medium 
size, which did not vary more than 10 per cent in weight, were chosen. 
The sartorii were prepared carefully in the usual manner and suspended 
between platinum electrodes. The muscles were kept in the salt 
solution, which was aerated with purified oxygen. At intervals of 
about thirty minutes the threshold of the muscle was determined 


cm. 


35 


20 40 60 80 100 120 140+ 160 180 min. 


Fic. 1. The influence of the variation of KCl—NaCl and CaCl, being constant 
—upon the irritability of the sartorius. 

Ordinate: threshold in cm. distance between primary and secondary coil. 

Abscissa: time in minutes. 


0.042 M NaCl + 8.1 M xX 10-* CaCl; + 11.3 M X 10-* KC] ——_-__—_—__ 
5 0 +17 M x 10-* KCl 
sa “ + 20 M x 10 KC] —-—. —. —. 
- " +23 M X 10-* KCl —e—e—e— 


after having removed the muscle from the liquid. The interrupted 
current of an induction coil, the primary circuit of which was supplied 
with one dry cell (1.5 volts), was used. In a series of preliminary 
experiments it was found that if at constant NaCl and CaCl, content 
the influence of increasing KCI concentration was investigated during 
the observation time of three hours, a sharp distinction between two 
groups of KC! effects could be made. In the first group, containing 
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the lower KCI concentration, the threshold increased very gradually 
within three hours and the final value was indicated by a distance of 
at least 20 cm. between primary and secondary coils. In the greater 
concentrations, however, the irritability decreased very rapidly and 
fell far below 20 cm. The initial value, which varied between 25 
and 35 cm. distance, had no influence on this typical behavior. Thus 
it was possible to determine exactly the threshold of the KCl effect 
which just leads to a loss of irritability below 20 cm. distance. In 
about 200 experiments, there were very few cases where the classifi- 
cation was doubtful. In such cases several repetitions of the experi- 
ments gave decisive results. A typical example illustrating the 
accuracy of the method is reproduced in Fig. 1. Further on it is shown 


in Fig. 2 that the antagonistic action of CaCl, can be determined 
exactly in the same manner. 


20 40 60 80 100 120 140 160 180 min. 


Fic. 2. The influence of variation of CaClz—NaCl and KCl being constant— 
upon the irritability of the sartorius. 
Ordinate and abscissa as in Fig. 1. 


0.084 M NaCl + 84M xX 10-4 KCl + 46.57 M x 1074 CaCl 
“ce oe 48.6 ay 

50.62 
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The solutions used had a freezing point of A = — 0.39. They 
were 0.113M NaCl, 0.113M KCl and 0.081M CaCl. Greater 
concentrations of NaCl were obtained with different amounts of 
1 per cent NaCl. The amount of liquid used was always 20 cc. 





I. The Antagonism between Na and K 


In a series of experiments the dependence of the KCI effect upon 
the NaCl concentration was studied. The CaCl, concentration, 
8.1 M X 10~, was constant in all experiments. There were two ways 
of varying the NaCl concentration: first, by replacing a part of the 
NaCl solution by isotonic glucose solution, thus avoiding changes in 
the osmotic pressure for all solutions containing less NaCl than 
corresponds to the isotonic concentration; second, without the 
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Fic. 3. The influence of variation of NaCI—KCl and CaCl, being constant— 


upon the irritability of the muscle. Each solution contains 5.65 M x 10-4 KCl 
+ 8.1M xX 10-4 CaCl. 
Ordinate and abscissa as in Fig. 1. 
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addition of any non-electrolytes. The experiments were performed 
in both ways and it was found that glucose even in small amounts in 
the presence of NaCl is not indifferent to the muscle. The effective 
minimal concentration of KCI was greater with the addition of glucose 
than without it. This shows that glucose protects the muscle to a 
certain extent from the harmful effect of KCl. Similar observations 
were made in a study of the KCI contracture in muscle (Gellhorn, 
1926). Because the osmotic pressure can be maintained constant for 
various concentrations of NaCl only by the addition of varying 
amounts of non-electrolytes, the effective minimal concentration of KCI 
would also be dependent upon the sugar concentration. In order to 
avoid these complications, salt solutions without non-electrolytes were 
used in spite of differences in the osmotic pressure. It is apparent from 
Fig. 3 that it was possible to study the effect of NaCl concentration 
between the values 0.042 M and 0.127 M because the threshold of 
the muscle remained above 20 cm. for three hours in spite of the 
osmotic differences. 

Table I contains data from a series of experiments in which the 
dependence of the minimal effective KCl concentration upon the 
NaCl concentration was studied. The experiments show the great 
accuracy with which this value can be determined. It is: 


Concentration KCI (M X 10~‘) for M NaCl 


One recognizes that with increasing NaCl concentration the KCl 
concentration must also increase in order to become effective. There 
is therefore an antagonism between NaCl and KCI. The quantitative 
relationship is to be seen in Fig. 4. It shows that there is a linear 
dependence of [Kt] upon [Nat] within the limits of 0.049 M NaCl 
and 0.113M NaCl. Only in the extreme NaCl concentrations are 
small deviations from the straight line observed. They are probably 
due to a greater sensitivity of the muscle to KCl because of the 
extremely abnormal osmotic pressure. Therefore, further experi- 
ments were restricted to the range in which the linear dependence is 
exactly correct. According to these experiments the ratio of Na to 
K is constant as may be seen from Table II. 
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TABLE I 
The Dependence of the KCl Effect upon the NaCl Concentration 





Group I. 0.042 M NaCl + 0.00081 M CaCl: 


M X 10-* KCI concentration... .. 
Threshold in cm. after 5’......... 28.0* | 30.4 27.1 31.1 29.0 26.4 
- ee oe a 21.8 24.6 23.5 24.7 7.3t | 12.0 








Group II. 0.056 M NaCl + 0.00081 M CaCls 


M X 10-* KCl concentration . 







Threshold in cm. after §’.................. ...| 29.4 31.3 31.0 3 
7 7S Sys he hd oe a a 26.9 23.0 






Group III. 0.071 M NaCl + 0.00081 M CaCl: 


M X 10-* KCl concentration 









Threshold in cm. after 5’......... 
7 oe | 





Group IV. 


M X 10-* KCl concentration . 









Threshold in cm. after 5’................ = br | 27.4 27.3 27.0 26.8 
- Fe oe. tar EN hans iciescen Sean Wika meee | 26.0 | 20.5 9. 7.5 





Group V. 


M xX 10-* KCl concentration... . 

















anak oe 36.5 | 27.2 
Micbube tense si pb idpabwey 23.2 | 20.5 


‘TieesionlA Geom, ate Fans 
oc “a oe oa 180’ a 


27.5 
9.0 












* The numbers represent the threshold of the muscle measured by the distance 
between primary and secondary coil. 


+ The underlining indicates that the threshold has fallen below 20 cm. distance. 


TABLE II 
Ratio of Na to K for Different Na Concentrations 





M NaCl . .| 0.042 | 0.049 | 0.056 | 0.071 | 0.085 | 0.092 | 0.099 | 0.113 | 0.127 


M NaCl 
M KCl 
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0.042 0.056 0.071 0.085 0.099 0.113 0.127 
M NaCl 


Fic. 4. The influence of the Na concentration upon the K effect. 
Abscissa: NaCl concentration. 
Ordinate: KCl concentration. 


x = Rapid loss of irritability. 
- = Preservation of irritability. 


Il. The Antagonism between K and Ca 

The solutions, the effects of which on irritability of the sartorius 
muscle were detailed in Part I, contained 8.1M xX 10~* CaCl. 
Because it is known that Ca is the antagonist of K in muscle, the K 
effect in our experiments was balanced by NaCl + CaCl. In order 
to learn the quantitative relationship between K and Ca, the KCl 
concentration was varied and that CaCl, concentration which just 
sufficed to maintain the irritability above the 20 cm. threshold was 
determined. In these experiments the NaCl concentration was 
constant (0.071 mol.). As shown in Fig. 4, 8.1 M xX 10~* CaCl, was 
able to equilibrate the effect of 50 M xX 10 KCI, but at the same 
CaCl, concentration 51M xX 10~* KCI led to a rapid decrease in 
irritability. In a series of experiments the corresponding CaCl, 
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concentrations were determined when the solution contained 68 M 
« 10 KCl and 85 M X 10-* KCl. The results were as follows: 


TABLE III 
The Ca — K Antagonisms in 0.071 mol. NaCl Solution 


M X 107" KCl.......... | 50 | 68 | 85 


mm 0 30 Cath... ...... i 8.1 40.5 72.9 
| 








As Table III shows, the increasing concentration of KCI requires 
an increasing concentration of CaCl, Hence a linear relationship 
seems to exist between the two salts, since equal amounts of CaCl, 
above the basic value of 8.1 M X 10~ antagonize approximately equal 
increases of KC]. But there is a very characteristic limit for this ratio. 
A KCI concentration which is higher than 91 M xX 10~ cannot be 
balanced even with the greatest concentration of CaCle. 

On the other hand, further investigations showed that the antago- 
nistic action of CaCl, against KCI is relatively greater below 8.1 M 
x 10 CaCl, than it is above it. Between 50 and 80M x 10~* KCl 
about 32.4 M X 10~ CaCl is able to offset the effect of 17 M x 10~ 
KCl. That corresponds to the relationship, 0.001 M CaCl, to 5.25 M 
x 10 KCl. But as Table IV shows, below 8.1 M xX 10 CaCl, 
the relationship is 0.001 M CaCl, to 27.7 M X 10 KCI. 


TABLE IV 
The Ca — K Antagonism in 0.07 mol. NaCl Solution 


M X 10-* CaCl; conc 40.5 60.75 81 


xX 10-* KCl conc 39 44 | 50 


These data lead to the conclusion that the Ca ~ K antagonism is 
represented by two straight lines forming an angle with each other. 
However, as Tables III and IV indicate, there is no constancy of the 
ratio of K to Ca when the CaCl, concentration is either below or 
above 8.1 M xX 10. The difference in the quantitative behavior 
of the Na-K antagonism and that between Ca > K can be ex- 
pressed mathematically. The equation of the straight line y = ax + b 
holds for both antagonisms, but since in the former case } equals 0, 
a = y/x = const., while in the Ca — K relationship } has a negative 
value. The constants of the experiments of Table III are a = 1.9, 
b = — 87.9; those of Table IV, a = 0.36, b = — 9.7. 

Summing up these results and those of Part I, it may be said that 
Na and Ca ions are antagonistic to K. Leaving out of consideration 





QUANTITATIVE STUDIES IN ION ANTAGONISM 347 


the case in which the CaCl, concentration is below 8.1 M xX 10, 
the data show that 11.3 M x 10 KCl can be equilibrated by 20.25 M 
< 10~-CaCl,.. Furthermore, it is apparent from Fig. 4 that 0.014 M 
NaCl balances 11.3 M X 10+ KCI. 


III. The Theoretical Calculation of the Sodium, Potassium, and Calcium 
Antagonism and its Experimental Proof 

It was pointed out that the results showed the relationship 0.014 M 
NaCl > 11.3M x 10 KCI and 20.25M x 10~* CaCh—11.3M 
< 10 KCI in which the arrow indicates that the first salt offsets the 
effect of the second one. On the other hand, the experiments repro- 
duced in Fig. 4 show the minimal effective KCI concentration for 
different concentrations of NaCl in the presence of 8.1 M xX 10~ 
CaCl. Therefore. if the suppositions are correct, it should be possible 
to calculate the minimal effective KCI concentration if either the NaCl 
or the CaCl, concentration or both vary. 

A series of experiments was performed in order to check the 
theoretical calculations and experimental facts. The experimental 
resu'ts are reproduced in Table V. The composition of the solutions 
is calculated according to the data described above. The CaCl, 
concentration of these solutions is supposed to be just insufficient to 
offset the KCI effects. Therefore it was expected that the addition 
of a small amount of CaCl, would warrant the maintenance of irrita- 
bility above the 20 cm. threshold. Solutions which had this effect 
are marked with +, solutions causing rapid loss of irritability below 
20 cm. threshold are marked with —. The calculated and the experi- 
mentally determined values check very well and show again that a 
linear dependence of KCl upon NaCl and CaCl: is characteristic of 
the ion antagonism in striped muscle. 

In order to check these experiments still another series of experi- 
ments was performed on the gastrocnemius muscle of Rana esculenta. 
The muscle weight varied between .45 gram and .50 gram. Because 
these muscles are larger and the specific surface smaller, it was to be 
expected that they would be less sensitive to KCl than the sartorius 
muscles with their large specific surface. Correspondingly, it was 
found necessary to extend the time of observation to four hours in 
order to find differences in the irritability. Under these conditions 
the concentration of KCl was determined which just led to a marked 
decrease in irritability if NaCl and CaCl, were constant. This is a 
typical example: 

0.084 0.084 0.084 
71 74 80 


18.23 18.23 18.23 
32.6 23.8 11.0 
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TABLE V 


The Antagonism between Na, K and Ca 


+ = maintenance of irritability above the 20 cm. threshold. 


— = rapid decrease of irritability; threshold below 20 cm. 


Group I. 


M X 107-* CaCl, 
Irritability 


Group II. 


M X 10-* CaCl 
Irritability 


Group II1. 
M X 10-* CaCle 
Irritability 


0.084 M NaCl + 0.0085 M KCl 


Group IV. 


M X 10-* CaCl, 
Irritability 


Group V. 
M X 10-* CaCl, 
Irritability 


Group VI. 
M X 10-* CaCl 
Irritability 


46.57 48.6 $0.62 52.65 
- - - ~ 
0.092 M NaCl + 0.0085 M KC! 
36.45 3848 40.5 
- ~ ~ 
0.098 M NaCl + 0.0085 M KCI 
28.35 30.38 32.4 
~ + ~ 


Group VII. 


M X 10-* CaCly 
Irritability 


Group VIII. 


M X 10-4 CaCl, 
Irritability 


Group IX. 


M X 10-* CaCl, 
Irritability 


0.056 M NaCl + 0.0051 M KCl 
28.35 30.38 32.4 
- ~ - 


0.056 M NaCl + 0.0068 M KCI: 


58.73 60.75 62.78 
- - + 
0.084 M NaCl + 0.0068 M KCl 
16.2 18.23 20.25 
- ~ ~ 


0.098 M NaCl + 0.0102 M KCl 
52.65 56.70 60.75 64.80 
~ ~ ~ 


0.098 M NaCl + 0.0097 M KCI 
40.5 44.55 48.6 52.65 
~ - - + 


0.113 M NaCl + 0.0097 M KCI 
24.3 2835 32.4 
- ~ - 








M X10-¢ CaCl 
Observed} Calculated 
ms | ws 

60.75 58.73 
16.2 18.23 
48.6 ay 

36.45 38.48 
28.35 28.35 
52.65 58.70 
40.5 ie ae 

24.3 28.35 





In this series 74 M X 10-* KCl was the smallest concentration 


which was effective. 


In the same way, the KCI concentrations in the 


presence of different amounts of NaCl and CaCl, which led to the 
threshold below 25 cm. distance between primary and secondary 


coils were determined. The results have been reproduced in Table VI. 
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They indicate that the calculated values are generally a little smaller 
than the observed ones, but that this is almost a constant error, 
showing that the same relations hold as well for the gastrocnemius as 
for the sartorius. 


TABLE VI 
The Antagonism between Na, K, and Ca (Experiments on Gastrocnemius) 


M X 10“ KCl 
No. M NaCl M X 107¢ CaCls 
Observed Calculated 
1 0.056 28 54 51 
2 0.056 59 71 68 
3 0.071 18 57 57 
4 0.071 49 79 76 : 
5 0.084 18 74 68 
6 0.084 49 91 85 
7 0.092 38 91 85 
8 0.098 28 88 . 85 
9 0.098 49 99 97 
10 0.113 28 102 97 


IV. The Limits of the Antagonistic Efficiency of CaCl, 


In the last paragraph the possibility of calculating the minimal 
effective KCI concentration for different amounts of NaCl and CaCl, 
was indicated and a fairly good agreement was shown between experi- 
mental and calculated values. In these experiments the difference 
between the effect of NaCl and CaCl, in antagonizing KCl was of 
quantitative nature. But further experiments showed that this holds 
only within certain limits because the maximal concentration of KC] 
which can be balanced by CaCl, is determined by the concentration 
of NaCl. In Table VII it is shown that the maximal concentration 
of KCI which could be balanced by CaCl, varied from 71 to 108 M 
x 10~ if the NaCl concentration varied. 


TABLE VII 
Limits of the Antagonistic Action of Ca toward K in Dependence upon the NaCl 
Concentration 
M NaCl concentration Maximal tolerated K concentration (M x 107) 
0.056 71 
0.071 91 
0.084 102 


0.098 108 
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The experiments make it probable that NaCl, although compara- 
tively weaker than CaCl, in antagonizing KCI, exerts in part a specific 
influence. In this respect it cannot be replaced by CaCl,. It might 
be thought thaf variation in the osmotic pressure might influence 
these results. But as shown in Fig. 4, the linear relationship between 
Na and K, in spite of a great variation of osmotic pressure, makes 
this view rather improbable. The direct proof is hardly possible 
because, as already shown, non-electrolytes such as dextrose are not 
indifferent to the muscle but reduce its susceptibility to KCl. 

Towards the upper limit determined by the NaCl concentration 
the antagonisms followed the quantitative rules described above. 
Much greater concentration of CaCl; than that required by our equa- 
tions had almost no influence. From Table VIII it is apparent that in 
0.056 M NaC] the maximal tolerated concentration of KCI increased 
from 71 M X 10~ to 74M X 10~ if greater amounts of CaCl, than 
calculated were used. For the other concentration of NaCl the 
limiting concentration of KCl was identical no matter whether CaCl, 
was added in calculated amounts or in larger ones. Only in 0.098 M 
NaCl the limiting KC] concentration was sometimes increased trom 
108 M X 10 to 113M X 10~if greater amounts of CaCl, were ad«‘ed. 


TABLE VIII 


Determination of the Maximal Concentration of KCl which can be Balanced by CaCl, 


If added in calculated amounts If added in far greater amounts 


M X 10-* KCl 71 74 74 80 
M X 10-4 CaCl, 69 75 162 180 
Irritability +* -— + _ 


M X 10-* KCl 91 97 97 102 
M X 107-4 CaCl 83 93 162 162 
Irritability + ~ _ = 





M X 10-* KCl 102 108 108 
M X 10-4 CaCl, 95 126 
Irritability _ _ 





M X 10-* KCl 113 
M X 10-4 CaCl, 4 122 
Irritability + or — 











* + = preservation of irritability above the 20 cm. threshold. 
— = loss of irritability below the 20 cm. threshold. 


V. The Antagonism Na — Ca 


In order to analyse completely the relationship between Na, K, 
and Ca, experiments were carried out to decide whether still other 
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antagonisms exist than those described above. It was also found 
that CaCl, can reduce the irritability of the sartorius muscle if added 
in a sufficient amount. But, of course, the quantitative difference 
between the K and the Ca effect is very marked because one needs 
far larger amounts of CaCl, than of KCI in order to reduce the irrita- 
bility of the muscle. On the other hand, the effective concentration 
of CaCl, depends upon the NaCl concentration in both cases and 
increases with increasing NaCl concentration (Table [X). While in 
a 0.042 M NaCl solution only 81 M Xx 10~ CaCl is required in order 
to reduce the irritability of the muscle below the 20 cm. threshold, 
three times as much is necessary in order to exert the same effect in a 
0.056 M NaCl solution. The corresponding concentration in a 
0.07 M NaCl is far greater, but the latter was not determined because 
of the interference with an increase of the osmotic pressure. 


TABLE IX 
The Na— Ca Antagonism. The effect of different CaCl, concentrations on ir- 
ritability. 


M X 10-* CaCle 


0.042 M NaCl 
5.7 M X 10~* KCl , 40.5 60.75 
Irritability + + 


0.056 M NaCl 
5.7 M X 10-* KCl 182.25 | 202.5 222.75 | 243.0 
Irritability + oe a 

0.071 M NaCl 


5.7M X 10-* KCl 
Irritability + 








The experiments prove that Na is an antagonist of K and Ca 
because the effective concentrations of K and Ca increase with in- 
creasing concentrations of Na. Experiments of Part II showed that 
Ca is the antagonist of K, since the effective concentration of K varied 
in the same direction with varying Ca concentration. It still remains 
a question whether K also is the antagonist of Ca. If this be the 
case, it was to be expected that the addition of K could reduce the 
harmful effect of CaCl, or that it would increase the effective concen- 
tration of the latter. Neither was the case. 


SUMMARY 


The irritability of the sartorius muscle of Rana esculenta has been 
studied in different mixtures of NaCl, KCl, and CaCl. The method 
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permits the detection of very small differences in the KCl effect. 
Usually the minimal effective KCI and CaCl, concentration is deter- 
mined which leads to a rapid loss in irritability. The dependence of 
the KCl effect upon the NaCl and the CaCl, concentration is repre- 
sented by a straight line. Concerning the antagonism between Na 
and K the result is that the ratio Na : K is constant. That does not 
hold for the antagonism between K and Ca although this also corre- 
sponds to a straight line. But in the latter case the relation is repre- 
sented by the equation y = ax + b and b has a definite value, while 
in the first case 6 = 0 and therefore a = y/x. The quantitative 
results show that within certain limits 0.014 M NaCl has the same 
antagonistic value against KCI as 0.00081 M CaCl. Therefore, it is 
possible to predict the behavior of the muscle in any other solution 
if the antagonism has been investigated for one single mixture of 
these three salts. The results agree rather exactly with this assump- 
tion. There is, however, a very characteristic limit of the validity 
of these equations. It is found that the NaCl concentration deter- 
mines the highest KCI concentration, the effect of which can still be 
offset by the addition of CaCl, It is higher the greater the NaCl 
concentration. Therefore the antagonistic action of Na against K 
is not only quantitatively but also qualitatively different from the 
antagonistic effect of Ca against K. 

An antagonism between Na and Ca was also found. The complete 


















analysis leads to the qualitative formula: "-s in which the 


arrow indicates the cation which is able to balance the toxic effect 
of another cation. 
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FURTHER STUDIES UPON THE NERVE SUPPLY AND 
FUNCTION OF SUPERNUMERARY GRAFTED LIMBS 


S. R. DETWILER AND G. E. MCKENNON 


DEPARTMENT OF ANATOMY, COLLEGE OF PHYSICIANS AND SURGEONS 
CotuMBIA UNIVERSITY 


INTRODUCTION 


Evidence has accumulated from former experiments to show that 
the anterior limb rudiment of Amblystoma, when grafted four segments 
caudal to the normal position (autoplastic grafts), may receive one or 
more of the normal brachial (third, fourth and fifth) nerves. Typi- 
cally, the grafted limbs are supplied by the fifth (brachial), sixth and 
seventh nerves. The codrdinated activities which such limbs display 
have been shown to be due to their connection with the normal brachial 
reflex mechanism through the fifth nerve, for when this nerve is sec- 
tioned, leaving the sixth and seventh intact, codrdinated activities cease 
(Detwiler and Carpenter, 1929). 

It has been reported also that, when the anterior limb is left intact 
and an additional forelimb is grafted just caudal to the intact normal 
(homoplastic graft), the graft never receives any of the normal brachial 
nerves (third, fourth and fifth), and its function is defective and un- 
coordinated (Detwiler, 1920, 1925). The supernumerary limb under 
such conditions was found to be innervated most frequently by the sixth, 
seventh and eighth spinal nerves (Fig. 1), a fact which explains the 
non-coordinated motility, since it has been shown that some connection 
with the brachial region of the cord is essential for codrdinated move- 
ments. 

When the anterior limb rudiment is grafted the distance of four 
segments caudal to the normal site (autoplastic graft) but under con- 
ditions allowing for regeneration of a limb in the orthotopic position ; 
the brachial nerves may become redistributed to both limbs. Typically 
the fifth grows caudally to the graft, whereas the third and fourth 
supply the orthotopic regenerant. The characteristic caudal growth of 
the fifth nerve to the graft has been interpreted as a growth response to 
an attractive influence which is apparently stronger in the rapidly grow- 
ing grafted appendage than in the regenerating one (Detwiler, 1925, 
p. 486). 

In the earlier experiments, as reported above, it was found that 
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supernumerary limbs, when grafted just caudal to the normal intact 
limb, did not receive any nerves from the normal brachial region of the 
cord. It was thus concluded that the presence of the normal limb, by 
reason of its proximity to the growing brachial nerves, and the attrac- 


Fic. 1. Diagrammatic plan of segmental nerve contribution (third, fourth 
and fifth spinal nerves) to the normal anterior limb (NL), and to a supernumer- 
ary limb (GL) (sixth, seventh and eighth spinal nerves), when grafted four 
segments caudal to the normal limb position. 


tive influence which it apparently exerts, is sufficient to prevent these 
nerves from supplying any additional rudiment implanted in the ad- 
jacent field. These conclusions have become subject to modification, 
however, as a result of recent experiments of the same type, since we 
have obtained a number of cases with codrdinated activities in super- 





NERVE SUPPLY TO SUPERNUMERARY LIMBS 355 


numerary limbs grafted close to the normal, and the coordinated function 
has been shown again to be due to the connection of the graft with the 
brachial correlation mechanism through the fifth (brachial) nerve. 


EXPERIMENTAL 


During the operating season in 1928 we performed fifty experi- 
ments in which a supernumerary limb rudiment was grafted, with nor- 
mal (dorso-dorsal) orientation, caudal to the intact rudiment so that 
the graft centered ventral to the eighth somite. This brings the center 
of the graft just four segments caudal to the center of the normal limb 
disc, and a space approximately the width of one somite separates the 
two rudiments (Fig. 3). The operations were performed upon em- 
bryos in the tail-bud stage (Harrison’s stages 28, 29). 

The results of the experiments which are given in Table 1, A, show 


TABLE I 


Showing Results of Grafting a Supernumerary Right Anterior Limb Rudiment 
Four Segments Caudal to the Normal Position (Figs. 3 and 5) 


Orientation 


A B 


Normal Inverted 
(Dorso-dorsal) | (Dorso-ventral) 


No. of Operations 60 
Positive Cases 58 
Single Limbs 42 
Reduplications 11 
Abortive Limbs 16 
Limbs with Coérdinated Function 1 


a higher percentage of single limbs than is usually obtained in hetero- 
topic dorso-dorsal grafts. Whereas most of the grafted limbs, whether 
single or reduplicated, gave evidence of function upon tactile stimulation, 
there were seven cases in which the grafted appendage functioned in 
coordination with the normal limbs. In such-cases the movements in 
the graft and in the intact limb of the same side were homologous and 
synchronous. This phenomenon has been observed and discussed pre- 
viously (Detwiler, 1925, Weiss, 1924, 1928). 

Six of the seven cases exhibiting coordinated activities of the grafted 
limb were sectioned serially for a study of the nerve supply. The 
results of this study are given in Table II, A, where it can be seen that 
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Tasie II * 


Showing Segmental Nerve Supply to Supernumerary Limbs Grafted Caudal to the 
Right Intact Anterior Limb (Figs. 2, 3, 4, 5) 


Distance Caudal | Segmental Nerve Somat Nerve 
Group | Case | Orientation of Graft | to Normal Limb | Supply to Normal | Supply to Super- 
Site Limb numerary Grafted 


Dorso-ventral 3% Segments 
4+ 
3 
4 
3+ 


* The normal brachial plexus is made up of the third, fourth and fifth spinal 
nerves. 


in every case the supernumerary grafted limb received contribution from 
the fifth (brachial) nerve. In four of the six cases the entire fifth nerve 


grew caudally to the graft, whereas in the other two cases the fifth 
nerve bifurcated so that both normal and grafted limbs were supplied 
by this nerve. A graphic reconstruction of the segmental nerve con- 
tribution to the normal limb and the grafted limb in cases 7, 49 and 50 
are shown in Figs. 6, 7 and 8 respectively. 

It is to be noted also from the table that in case 49, the final position 
of the grafted appendage was only three segments caudal to the normal 
intact limb. 

With these unlooked-for results, we carried out during the operating 
season of 1929, sixty experiments in which the limb was grafted to the 
same position, but with inverted (dorso-ventral) orientation (Fig. 5 
and Table I, B). Since the bulk of the limb tissue is concentrated in 
the antero-dorsal quadrant of the limb disc (Fig. 3), it becomes ap- 
parent that when the graft is inverted, the distance between the out- 
growing fifth nerve and the concentrated mass of limb-forming cells 
is considerably increased as compared with the conditions in dorso- 
dorsal orientations (cf. Figs. 3 and 5). 

The question arose as to whether under these circumstances (with 
inverted discs) the fifth nerve would grow caudally to the graft as 
frequently as in the experiments with dorso-dorsal orientation. 

The results of the experiments are given in Table I, B. In 58 
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positive experiments there were six cases in which the graft was capable 


of considerable function, but only one case with definite coordinated 
movements. 


Fic. 2. Drawing of Amblystoma embryo, showing supernumerary anterior 
limb rudiment (GL) grafted (with normal orientation) so as to center ventral to 
the seventh somite. NL, normal anterior limb rudiment; D, dorsal; V, ventral; 
P, posterior; A, anterior; SO5, fifth somite. The shaded regions indicate the 


quadrants of the rudiments in which the main mass of the limb-forming cells is 
concentrated. > 12. 


$05 


Fic. 3. Drawing of Amblystoma embryo showing supernumerary limb (GL) 
grafted (with normal orientation) so as to center ventral to the eighth somite. 
NL, normal anterior limb rudiment; SO5, fifth somite. > 12. 


The results of a study of the nerve contribution to the six cases 
selected are given in Table II, B. Here it is seen that the one case (No. 
28) which definitely displayed codrdinated movements, received a branch 


of the fifth nerve. A graphic reconstruction of this nerve showing its 
contribution to both limbs is given in Fig. 9. In all of the other cases 


sectioned, the fifth nerve followed its typical course to the normal intact 
limb. 
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The distance between the fully differentiated transplant and the 
normal limb varied much more in this series than in the dorso-dorsal 
grafts. This is shown in Table II, B, in which it is seen that the final 
position of the grafted limb varied from two to four segments caudal 
to the normal. In spite of the fact that in four of the six cases the 
grafted limb was less than four segments caudal to the normal, only one 
received contribution from the fifth nerve (case 28). 


Fic. 4. Drawing of Amblystoma embryo showing supernumerary limb rudi- 
ment (GL) grafted (with inverted orientation) so as to center ventral to the 
seventh somite. The original antero-dorsal quadrant (shaded quadrant), which 
contains the bulk of the limb-forming cells, is brought into a postero-ventral 
positicn. S05, fifth somite; NL, normal limb rudiment.  X 12. 


So5 


meres 


Fic. 5. Drawing of Amblystoma embryo showing supernumerary limb rudi- 
ment (GL) grafted (with inverted orientation) so as to center ventral to the 
eighth somite. SO5, fifth somite; NL, normal limb rudiment. 12. 


Although we did not study the nerve supply to any of the hetero- 
topic limbs of the dorso-dorsal series which lacked codrdinated func- 
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tion, we feel safe in assuming that such limbs were innervated entirely 
from the postbrachial region of the cord. In all previous experiments 
it has been found that whenever grafted limbs exhibit movements which 
are not coordinated with those of the normal intact limbs, they lack 
connection with the brachial reflex mechanism (Detwiler, 1920, 1925 ; 
Detwiler and Carpenter, 1929). 


DIscuSssION 


The results of the experiments cited in this paper differ from those 
described in former communications (Detwiler, 1920, 1925) in showing 
that, when a supernumerary anterior limb bud is grafted just caudal to 
the normal intact limb rudiment, the most caudal of the normal brachial 
nerves (fifth) may (in some cases) be taken over by the graft rather 


6 ¢ © 


Fic. 6. Graphic reconstruction of the segmental nerve supply to the normal 
limb (NL) and the grafted limb (GL) in case HS4-7. A supernumerary anterior 
limb rudiment was grafted (with dorso-dorsal orientation) so as to center ventral 
to the eighth somite (Fig. 3). > 20. 

Fic. 7. Graphic reconstruction of the segmental nerve supply to the norma} 
limb (NL) and the grafted limb (GL) in case HS449. A supernumerary limb 
was grafted (with dorso-dorsal orientation) so as to center ventral to the seventh 
somite (Fig. 2). > 20. 


than by the normal (Table II). This has occurred almost exclusively 
in limbs with dorso-dorsal orientation rather than in those in which the 
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limb was inverted. In order to account for this difference, we have 
tentatively advanced the hypothesis that a stronger attractive influence 
upon the fifth (brachial) nerve is exerted by the graft when normally 
oriented, since, under these conditions, the bulk of the limb-forming 
cells in the grafted disc is closer to the growing fifth nerve than when 
the disc is inverted (Figs. 2 and 3; cf. Figs. 4 and 5). 

In the normal limb disc which extends from the anterior border of 
the third somite to the caudal border of the fifth, the cells may be said 
to be concentrated chiefly in the antero-dorsal quadrant (Fig. 2), even 
though the postero-dorsal quadrant has been shown by Swett (1923) to 
form a definite part of the limb. The antero-ventral and the postero- 
ventral quadrants contribute only very slightly to the limb (Swett, op. 
cit.). 

When an additional rudiment is grafted just caudal to the normal 
so that it centers ventral to the seventh somite, the antero-dorsal 
quadrant of the graft is about as close to the outgrowing fifth nerve as 
is this quadrant in the normal appendage (Fig. 2). Consequently, as 
far as the distance factor is concerned, it seems not unreasonable to 
assume that the attraction of the graft on the fifth nerve is approxi- 
mately as great as that exerted by the normal since, in the normal rudi- 
ment, the main mass of the limb-forming cells are concentrated beneath 
the third and the anterior half of the fourth somite. 

When the graft is implanted so as to center ventral to the eighth 
somite there is a space between the two discs approximately the width 
of one somite (Fig. 3) and the antero-dorsal quadrant of the graft is 
further removed from the outgrowing fifth nerve than the correspond- 
ing quadrant of the intact limb. In spite of this, we found that in 7 
cases out of 48 the fifth nerve grew caudally to the grafted limb. It 
must be remembered, however, that in the early growth of the embryo, 
the myotomes elongate in a caudo-lateral direction, which tends to 
mechanically influence the nerves to pursue a similar course, especially 
in their proximal portions. It seems not unreasonable to assume, there- 
fore, that the fifth nerve, in its caudal growth to the graft, is aided 
initially by the characteristic caudal elongation of the myotomes. Only 
a very short growth in this direction would bring the growing nerve 
under the attractive influence exerted by the antero-dorsal quadrant 
of the graft. This is then apparently sufficient to insure its further 
growth to the grafted limb. 

That the attraction of the normal limb rudiment, however, is typically 
greater is evident by the fact that in the majority of the cases, the fifth 
nerve supplies the orthotopic rather than the heterotopic appendage. 

When the graft is inverted, its original antero-dorsal quadrant is 
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brought into a ventro-caudal position and the distance between the 
concentrated mass of limb-forming cells and the outgrowing fifth nerve 
is greatly increased as compared with the distance in the dorso-dorsal 
orientations (cf. Figs. 4 and 5 with 2 and 3). It has been noted also 


8 


Fic. 8. Graphic reconstruction showing segmental nerve supply to the normal 


limb (NL) and the grafted limb (GL) in case HS450. Conditions same as 
described for Fig. 6. > 20. 


Fic. 9. Graphic reconstruction showing segmental nerve contribution to the 
grafted limb (GL) in case HS4-28. A supernumerary limb was grafted (with 
inverted orientation) so as to center ventral to the seventh somite (Fig. 4). > 20. 


from Table I that in the dorso-ventral series only one case was obtained 
in which the graft developed codrdinated activities and in this case it 
was supplied by the fifth nerve (case 28, Table II). In many cases in 
this series, the graft was closer to the normal limb than in the dorso- 
dorsal series, yet no connection was made with the fifth nerve. It 
appears, therefore, that the failure of this nerve to supply the graft 
in the dorso-ventral combinations is associated with a more remotely 
located center of attraction as compared with the dorso-dorsal grafts. 

Aithough the interpretation which we have pictured is largely 
hypothetical for the present results, we do have considerable evidence 
from former experiments (Detwiler, 1920, 1922, 1925) to indicate that 
the limb rudiment does attract spinal nerves, and it seems not unreason- 
able to suppose that when the grafted limb is inverted, as in the present 
experiments, the distance between the outgrowing fifth nerve and the 
bulk of the limb-forming cells is so greatly increased, that this nerve 
falls entirely under the influence of the more closely situated attraction 
center represented by the normal limb. 
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Fic. 10. Photograph of Amblystoma ‘larva HS4-37 showing supernumerary 
limb grafted four segments caudal to the intact normal limb. 2.7. 


SUMMARY 


1. When a supernumerary anterior limb disc is grafted (with normal 
orientation) caudal to the intact rudiment, so as to center ventral to the 
seventh or eighth somites (Figs. 2, 3), the fifth nerve, which normally 
supplies the orthotopic limb, may grow caudally to the graft. This has 
been found to.occur in seven out of forty-eight cases. The entire nerve 
may be taken over by the graft (Fig. 7) or it may bifurcate so as to 
send one branch to the normal and the other to the supernumerary limb 
(Figs. 8, 9). 

When the graft is supplied by the fifth nerve its activities are co- 
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6rdinated with those of the normal limbs. The movements of the 
muscles in the grafted appendage are synchronous with those in the 
homologous muscles of the normal limb of the same side. 

2. When the supernumerary limb disc is grafted to the same position, 
but with inverted orientation (dorso-ventral, Figs. 4, 5), there is a 
greatly reduced number of cases in which the fifth (brachial) nerve 
supplies the graft. In fact in only one case in fifty-eight was this 
condition obtained. 

3. The greater number of cases with brachial nerve contribution 
(fifth nerve) to the supernumerary limb in the experiments with nor- 
mally oriented (dorso-dorsal) grafts, as compared with those which 
have been inverted (dorso-ventral), is interpreted as due to the fact 
that a stronger attraction is exerted upon the fifth nerve. The bulk 
of the cells in the limb disc is concentrated in the antero-dorsal quadrant 
(Fig. 2). When the graft is inverted, the antero-dorsal quadrant oc- 
cupies a caudo-ventral position and the distance between the outgrowing 
fifth nerve and the concentrated mass of limb cells is thus considerably 
increased (cf. Figs. 4, 5 with 2 and 3). Any attractive influence of 
the graft upon the fifth nerve, therefore, cannot be realized by reason 
of the distance factor. 


4. More evidence has accumulated in the present experiments to 
bear out former conclusions (Detwiler, 1925, Detwiler and Carpenter, 
1929) that when grafted anterior limbs exhibit movements which are 
coordinated with those of normal intact anterior limbs, they have some 
connection with the central brachial reflex correlation mechanism. 
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